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AF IT/GSO/AA/87D-4

Abstract

... This thesis is an analysis of the methods for EVA crew

rescue and recovery of equipment detached and adrift from the

space station. This top level analysis is aimed at

identifying the proper direction to be taken in finding the

solution system to the rescue/recovery problems- This

analysis used the Hall morphology of systems engineering as

the framework for the overall problem.

Within this approach, the technique of concept mapping

was used to define the problem. Specifically, ten

knowledgeable persons from Johnson Space Center were

interviewed and a consolidated concept map of their
% %°

understanding of the problems was generated. This map

identified the key aspects and relationships between th--s--

aspects. Additionally, this map identified the evaluation

criteria to be used in determining the preferred !iolutiorI

system to the problems.

The evaluation criteria of safety, response time,

reliability, availability, and maintainability were u,,cd %NA

within the Analytic Hierarchy Process (AtIP) to determine th _

preferred dir-ections to take in solving the rescuie/r-ecuver y

prob l ems.

,,Results of the analysis indicate thai for short range

rescuP/recovery operations, both an EVA self resrue devic (

°' , .viii

am W0



and a space station supported device are the preferred

solution systems. For medium range rescue/recovery

operations, an unmanned free-flyer is the ideal solution

system. Finally, for long range operations, the Orbital

Maneuvering Vehicle (OMV) is the preferred solution. 1h(-

analysis also showed that the combination of all these
,

preferred solutions is needed to completely solve the .W

problems. To this end, the analysis provides an example of a

comprehensive rescue/recovery system. Finally, the analysis %_i ,

identifies issues and recommends areas which require further %e

analysis in order to fully understand and solve the problems

of EVA crew rescue and recovery of equipment detached and

adrift from the space station.
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AN EVALUATION OF THE METHODS FOR

RESCUING EVA CREWMEMBERS AND RECOVERING EUUIPMENT

DETACHED AND ADRIFT FROM THE SPACE STATION

I. Introduction

In 1965 mankind took a bold step in the exploration of

space. Specifically, for the first time, man, without the 0

protection of a spacecraft, took a walk in space. These

spacewalks later became known as Extravehicular Activities

(EVAs). Perhaps the most exemplary of these EVAs were the S

ones performed by the various United States Skylab crews -
.. %

(1973-1974). These crews took the severely damaged Skylab

vehicle and during extensive EVAs, fixed it to the point

where it became inhabitable and operational. These EVAs

directly led to the unqualified success of the Skylab

missions (5:42).

The future holds the promise of the space station-

Initial estimates are that astronauts can be expected to

perform 2000 hours of EVA per year in support of this station

(13:147). With safety in mind, the National Aeron-autics and

Space Administration (NASA) Space Station Office has asked

various contractors to propose methods for rescuing EVA -

crewmembers. Additionally, NASA has asked for methods to

recover detached and drifting equipment from the space

station. In response to these questions, contractors S

• .- .%



presented NASA with various proposed solution systems. NASA'

then performed an initial evaluation of these system,. ro

elimtnate bias, NASA has requested an outside, impartial

evaluation of these proposed solution systems. They are also

looking for any additional sy;tems which may be used to

answer their questions (2e). This thesis provides that %

impartial evaluation.

Historical Background. -.
% = %
%'% % 0%

In preparation for this evaluation, a brief look into - -%-e.

the history of rescuing an EVA crewmember or recovering

detached and adrift equipment needs to be accomplished. Due

to the lack of information available on the Soviet space 
%

program, this historical flashback will center on the United

States space program only.

The United States space program expanded into the area

%
of extravehicular activity on June 3, 1965 when Lt Col Edward •

White took a 21 minute space walk from the Gemini I+

Spacecraft. Since that date, the U.S. has accumulated a ,. , ,.,
* . CC%.

total of 236 hours and 36 minutes of EVA experleiice ini spi( e 0

(this figure does not iyclude the Or? hours and 5! minuir-, of %

lunar E VA experience) ( 13: 1 ,311 6) . In this per iod, the L..

has not had a single inriclnt of an LVA orewnemb ,r il ' ,i I] •

cidr- rft or rPIL 1rl i TIC I P-sCUe. However , t hE 11 .- j ocl. '<) C r'p ( ,P*.% .,,

IIb."t. .,..

ii, prepared for such a contin rcjr:y. CuT reit opur, at iona .

pl nnirwj cal I- for tl? Spar- Shuttle t) 1 e-,.,u-, [ VA

'%, ' -, C . C

% e
%-,
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crewmembers if they become adrift (11:665). The probability

of becoming adrift in space however, is not the only danger
0

facing astronauts during EVA. .

Space is a dangerous place. Several hazards have been

identified which place an EVA crewmember in jeopardy. In a

study by McDonnell Douglas Astronautics Company, four hazard;s -

were identified. These hazards are radiation exposure,

mechanical dangers (micrometeoroids, space debris, and sharp

corners/edges), atomic oxygen (which causes material '..A

degradation), and static charging (15:4-10 to 4-13). I %

fact, the entire realm of extravehicular activity is best

summarized by Astronaut Pierre J. rhuot when he stated that

"It's [EVA] risky business. Anytime you go out of the

pressure. vessel, now you're in your own little press-ire •

vessel, it's risky business• (37). %

As previously mentioned, one of the mechanical danqierS" "%

is that of space debris. This hazard is one of the re,1sov•

why NASA is looking into systems which can also recover

detached and adrift equipment from the space station. Oil

example which points out this hazard occurred dhrinq thfe •

Skylab P mission of May 25, 1973. k"r

The Skylah 2 crew of Conrad, Kerwin, and W(i tz hald tri d A 'N'

for seveT a] hours to dock with the heavi ly daria(qed ky I 0

space station. It was finally decidEd t:hat the c (-w .htiii I "-

don their spacesuits, open the docking tin el and di ,mailt I

the duckincj prob(e. If the'.,e actio nn did not cr r ec t tle

- -. -, .. .. - - ,-. .**-*- . -.*.-p- ..,-.- - . -.---. P - ..: .- -.- ,-.:.-.-...- .- - - -.- .-..--•,.... -.. .- --



problem, an emergency return to earth was necessary. The EVA -

proceeded as planned until the point when the p,€obe was

dismantled. During this action, a nut (as in nut and bolt) %Y

floated off into space. The loss of this nut provided some

anxiety to the crew; after successfully docking with the

Skylab space station, it was questionable as to whether they

could successfully undock without that missing nut. Luck iIy,

all things worked out and Skylab 2 proved to be one of the

most successful of the Skylab missions (13:1.).

This example serves to point out two key areas about the

recovery of adrift equipment. First of all, it points out

that an object as small as a nut can be critical to the

successN of a mission. Thus, the operational value of adrift

equipment can drive the requirement for recovery. f;econdly,

this example shows that equipment does become detached, cain %

float off into space, and could create a hazard.

In addition to directly affecting the mission, the Iwy t S

nut also posed a long term hazard in the form of space

debris lecause of it's small size, the nut may niot seem

like that great a hazard, but closer analysis n.hows Lhat it

is indeed a -ub-,tantial hazard due to its kinetic energy.

For example, a 7.3 gram nut that floats away from the spic_ u .-

station, which is at in altitude of 292 miles (470 km), wil

have a kinetic ener qy of approximately 2,12,400 Joule ( C-1I t

velocity is approximately 4.*4 miles/sec). Compa, , Lhi LO a

typical .30 caltber bullet . TIh bullet also ha_, a mass of

14
S

Ju, *%



about 7.3 grams (110 grains) and a muzzle velocity (depending

on load) of about 3,000 ft/sec. This gives the .30 caliber

bullet a kinetic energy of 3,050 Joules (30:28). Thus, the

kinetic energy of the floating nut is approximately 70 times

the kinetic energy of the speeding bullet. The damage

potential of the nut is now quite apparent.

The U.S. Space Program has had a history of equipment"

becoming detached and adrift from spacecraft during EVA-.

The example of the Skylab 2 mission pointed this out, but

this problem has occurred since the beginnings of the U.S..

EVA history. In fact, the firs;t piece of equipment to be

lost occurred during the historic Gemini 4 mission when a

glove floated out of the spacecraft. Additionally, during

the Gemini 9 mission, a camera managed to float away. The-

general conclusion from the Gemini program regarding

equipment losses during EVA was that if it wasn't tied down,

it would float away (39). This conclusion led to the

practice of tethering equipment to the spacecraft a,7 i,_

currently done in the space shuttle missions.

However, the space shiutt1L mis,;ions have hal their n-,ri'i

problem- with equipment hecoming detached and floatiTIO lw,ly, . %.

this in spite of the emphasis placed on tether i €j. %

Spec ifical ly, duT i ig the 411 Missinr a f oot rT ' trI11lt hiuam

detachted arid f I nated away. Hloweve-r i t was rec ovi,r(ed by '

maneuver i the L a p shu , tI P to a pos i t ion wh lre A,, t) nvn T), , .L

Bruc (2 MCandles ; c i Id reach ou itand ali i. ( 1f a) . T il , wTi

%~~ % %, %

.., -.. J.



probably the first time a spacecraft was maneuvered solely to

recover detached equipment. The shuttle missions of 51A and

51C also had problems of equipment floating away, but in

these cases, the equipment was not recovered. The 51A

Mission had several screws float off into space (39).

Likewise, the 51C Mission had a power wrench drift away (2).

Thus, the problem of equipment becoming detached and adrift

remains. This problem has happened in the past and it most
.. % "S.%

certainly will occur in the future. % %
% % .+ d

f .. ,c

Future Prospect.

The initial on orbit construction of the space station

is expected to begin in 1994 (35:2). EVA is going to b, an

integral part of this construction. EVA will also be an S

integral part of the space station's operations. A McDonvell " ,

Douglas study in 1986 (prior to the Challenger tragedy) % -
. Z

indicated that EVA at the space station will fall into two 0

categories: EVA for user missions (satellite support) and

FVA for Space Station Maintenance (15:2-17). Thi', studv al',o

pro jFc tud thWe total EVA manhours per year that the spaf:-o

stat i 1,0 wI ii suLIpprt. These manhours ar-,i shown T i Figcrr ,' I .

It sIM)l11(t he poiteLd out that the numbt,r of I[IVA manholti',,

hfoir1 proj(,o to(i for the -,pacte station duriTwJ) its fir-,t yIar

(If opot at uin', in six times the total US EVA expei icoc. Wi tkh

thi,', .i11 ,,t.it of (alhoor,, it can he expected that eg uipm ,nt

wi I 1 1) Ih ' d I't, I t I , Id rdk41(I I f Y cove iy (PU) 111t. 1 'ne d for

e r %Y
% •'.5.'.



equipment recovery may occur during any phase of the space

station's operations. However, the greatest need for a

recovery system may well occur during the construction of the %

space station itself (3). With this in mind, the development % JVI

of a system to rescue EVA crewmembers and recover detached

and adrift equipment from the space station becomes time

critical. Such a system should be in place for space station

construction. Naturally, in order to have a system in place,

a decision as to what system will best do the job needs to be

made. This thesis will help address that decision.

3000
*. .d

s % %
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Objective Statement.01

The objectives of this thesis are to: 1) develop a

methodology for evaluating solution systems to the problemsN

of EVA crew rescue and equipment recovery, 2) apply that

methodology to the NASA provided contractor proposed

solutions, 3) develop, if necessary, other conceptual

Solut ion systems, and 4) provide direction as to which

generic solution system types best solve the problems.

: -

%
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Me. Meth do logy

To meet the objective of this thesis, a logical approach

for evaluating alternative solutions to the problem, of EY(O

crew rescue and equipment recovery must be developed.

Several key areas have been identified within the development A

of this approach. Specifically, three areas require ini-depth

knowledge in order to fully understand the methodology thi,3

thesis will follow. These areas are: 1) developing an

overall problem solving framework, 2) developing a method to

determine the key aspects- of the problem and, 3) develo~pingIf I

A method to evaluate the different alternatives.

Overall Problem Solvinq Fframework..

* The first area requiring an in-depth under-5tanding is

that of determining an overall problem solving framework

within which the problems of this thesis can be answered.-W.~

* Due to tht- fact that the problems require investigation into

technology and systems dL-velopment, it is logical that -.ome

type of -,ystem engqinee r i rig approach he cons ideri-d -for the

overall problem solving framework. This tri will u-.c tho

Hall morphnooy of s;ysenm- enguinteering.

dpal-. with the thlree c liMenIi0Tl' 01 -,y,,tem, eigrie

According) to Hall , thesne d iaweiion-s are- time , log ii( , atid

hnow I 'r~Cl ' . I Ial I I r;ta t ", tha,%t tim lf idi mueo,, I C o o f t I m' Fr'j -'I I t

A L%% jL %



a course structure depicting a sequence of activities in the

life of a project from inception to retirement" (10:156).

Hall defines the logic dimension as being the problem solving %

procedure of his morphology. This dimension logically

progresses from problem definition to a solution. The seven

steps in this dimension are as follows: 1) problem

definition, 2) value system design (develop objectives and

criterion), 3) systems synthesis (collect and invent

alternatives), 4) systems analysis (deduce consequences of ..."

alternatives, 5) optimization of each alternative (iterationi

of steps 1-4 plus modeling), 6) decision making (application

of value system) and 7) planning for action (to implement the

next time phase) (10:157). The third dimension, knowledge,

defines the discipline, profession, or technologies required

to solve the problem (10:156). Sage points out that these

dimensions provide structure to systems engineering when

applied to a specific problem (34:6).

In the case of this thesis, there are two related ,_-

problems, the problems of EVA crew rescue and equipmu.nt

recovery. When the Hall morphology of systems PnqrneLi- ,-g i

applied to these problems, an overall framework lor tLhe,

solutionis quickly emerges. The time dimonsionr shows that

theste proh I -ms art in the pro je- t planning and pr ,I i in nrry

design pha-,f- of a pr-oject', 1i fe. TM i means; Lhe nc m * a.

al1 tcrna t i vEs to so 1ve the, pr ch I ems , but no mt i ta_, L h ai i " "

infor mat i oin i iva i ]nilE, on tines- a l turnat iv(-.. 1hi1 lgi S

0,.

• " %a
- P a..% ,,



dimension describes the path to follow in solving the

problems. For this thesis, portions of the problem

definition and systems synthesis steps have been provided by

NASA. Finally, the knowledge dimension shows that the areas %

of astrodynamics, life support, and operations research will

play an important role in solving the problems. For these . .

reasons, the Hall morphology of systems engineering has been de,

chosen as the overall framework within which to solve the

problems. %

.. .- ,,w

Method for Determininq the Problem's Key Aspects.,

The second area of methodology is that of developiricl a jfi
%

approach to determine the key aspects of the problems

associated with EVA crew rescue and equipment recovry. Orne

technique which shows great promise in this area is that of

concept mapping. %

6.
Concept__Mappinq. Developed in the early 19AOs a , an

educational tool, concept mapping has the unique ability to

capture an expert's conceptual structure of a problem

(17:Ch3,plO). Concept mappirig does this by developing] ,A

visual representation which shows how the varioun anpIn of

the problem are linkt-d together. Thsep visuil

riprFsentat ions are known a, coricep t m ips and tLhey ;i nv if-

thren ma jor benefit--. Thes, ,,npf L. are: I )th,

idtntifiEation of a sM1 I I ruImb i of kry ie(an wi thi1 ,5 %

,ub jvct , 2) ,1 ViSuL! r nadl( map of tlhin nu(b jc, t , andI 1 ,

%

'* 4

~\* ~ % .f S~. * 5* /%J%.*~.*~. .. :..-.. ,........,.
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schematic summary of the domain of interest (17:Ch3,p3).

Perhaps the best way to fully explain a concept map is

to provide an example. The example map (Figure 2) examines

the area of judging the quality of meat and was prepared for

a course teaching meat science (9:Fig 2.5). This map shows

that various concepts within the subject are connected. This

connection is done through the use of linking words. For

example, the concepts of "Meat Quality" and "Judging" are .-.

linked together by the connector "can be." This forms the

complete thought of "Meat quality can be judged." The power

in concept mapping is that several complete thoughts can be--

linked together. For example, the concept of "Criteria" is ,

linked to the concepts of "Color,' "Texture,' "Firmness," and

"Marbling." These links not only show the relationships

between the concepts, but due to their position, also r N

indicate that this is a hierarchical relationship. Other

links show lateral relationships between concepts. An

example of this is the relationship between the concept-; of.,:. "-

"Grass" and "Grain" in that both develop "IntermuscUlar Fat."

By examining the relationships in this map, someonFe who (1e05

not know anything about the subject of judginq muit qualit.y

can gain a good understandin( of the subject. -.

Concept map-, are developed throtIgh fat.e- to- f~oe 5

interv i twn.. In these inrtervi ,w,, the p,r,.oi do g th. .

interview tries to capture the conceptual know]ledeJL Of t,-

pe'i son beinq i ntrervikowed by qiieT it Lrig a (ctini-lI)L rei ) tif the

" ' "-. - " " % % % % ,, % % . % '-'-'% - -' ' %"%' '% -' '% -' '% % % . % % % . -% "*R* %%0 '
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Fig. 2. Example Concept Map (9:Fig 2.5)
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subject being discussed. There is a lot of interface and

feedback between the interviewer and the person being

interviewed during the development of the concept map. h

Because of this, care must be taken to insure an effective

interview. In his thesis, Capt Mike McFarren details the

three steps of effective concept mapping interviews. ThL-se

steps are 1) scheduling the interview, 2) setting up the

environment for the interview, and 3) managing the interview

(17:Ch4,pp5,6). All of these steps are aimed at the goal of ".

capturing the expert's understanding of the problem and %-%

recording this understanding in the form of a concept map.

Perhaps the best advice on developing a concept map was .

provided by Capt McFarren when he said that concept mappinq '.

is an art which needs to be practiced (16). By practiciTg

this art, the ability of the interviewer to recognize %

concepts, successfully link them together, and form a

comprehensive concept map becomes an acquired skill.

In this thesis, the problems of EVA crew rescue and

equipment recovery are rather complex. TherE are many

aspects to the problems and these aspects often rfclato to -

each other. Because of this, concept mapping appears to he a '. .

viable method for capturing the essence of the problems.

Thus, this techniclue was used in this thesis.

Method of Evaluatinq Different Alternative Solutionr . L .

The third area required in the developmeInt of a 0

N.1

04m - -,
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methodology is that of developing an approach to evaluate the

different alternatives which solve the problems. This

approach was used in the systems analysis step of the Hall

morphology of systems engineering. The analytical approach

which was used in this thesis is the Analytic Hierarchy

Process (AHP).

Analytic Hierarch Process (AHP). As problems become

complex with different related factors and with many

alternative solutions, the relationships between these

factors and alternatives often become blurred. According to""

Saaty, what is needed is "to organize our problems in complex

structures which allow interactions and interdependence of ,

N%
factors but which also allow us to think about them one or

two at a time" (33:140). Analytic Hierarchy Process is a

framework which allows problems to be structured this way. € --

The three principles upon which AHP is founded are

decomposition, comparative judgments, and synthesis of

priorities (33:141).

The principle of decomposition involves decomposing a

complex problem into a hierarchy. Thi!s hierarchy is

structured such that each level has only a few manageable

elements and that these elements capture the major compon,,Lvs..

of the problem (41 :642). These major component olementt:; are

then decompoFsed into their repre-sentative sub-el ements. h, % " . -

hierarchy has two roles. The first role is to transfur m a

complex problm into one which ran be ea,,ily understoud. i ld e I I

15
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second role is to break the problem into functionally similar

levels (29:238). This breakdown allows for the next

principle to be applied to the problem.

The principle of comparative judgments is one of

determining priorities. Basically, this principle calls for

the decision maker to evaluate each set of elements within a

level (in a pairwise fashion) with respect to an element in .@

the next higher level (38:62). These pairwise comparison-

indicate the relative importance (weight) of the elements
%

within a level. These priorities are formulated in a

comparison matrix (33:141). After all the elements on all -'

the levels are prioritized, the synthesis of the prioritins %

can then begin. ' .". ,%-. . % °t

According to Vargas and Dougherty, the synthesis

principle calls for the generation of composite priorities.

for each element. This generation involves a level-by-level

aggregation of the pairwise comparisons. The procedurP u',Fecd

to aggregate is through the use of eigenvaluos or that (il

calctilating the geometric mean (30:65). The resulting.

composite priorities represent the decision maker's Judtmv,.A

as to the relative importance of the elements in Lhe .

hi rarchy. lhi, principle is important for- two rra -, o - The

first reA,s -on i,-, that onco, all the a(_jgr at ion is c inpI ,te, , S

the comp), i tt ir i t ie , for the lo)we-st liv l of Lh(

hierir hy u-Ioal ly point to the pr eff-r ,di aI tc-r i t Lyi E,

t* ULit iOil. .;ec-oridly, thi , 1r o(- , al low-, f oi i cori, i ',.ti'i y S

%I %
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check of the weight factors used in the analysis (33:142)

As seen in this discussion, AHP is a simple yet powerful

approach to solving complicated problems. AHP is S

conceptually simple. It follows the basic divide and conquer

principle. However, AHP also allows for the complexities of
a problem to be tackled. Despite all these good qualities,

AHP is not without criticism. One of the major problems of J

AHP is that the technique does not guarantee the validity of

the weights used in the analysis (12:728). The reason for

this problem is that the weights are based on the subjective A,, e%'

reasoning of the decision maker. The decision maker is humin .0

and can change his/her mind. However, AHP allows for this

inconsistency as part of its theory (33:144). AHP also

suffers the problem of defining exactly who the deci,;ion

maker actually is. In the case of multiple decision maker,

Saaty recommends that the aggregate weight be determined by

taking the geometric mean of the individual weights (33:151). 0
S. .'.* ..

In spite of these problems, AHP appears to be i

reasonable approach to the problems of EVA crew reacue ,nd

equipment recovery. This reasonableness is due to the fart, -

that the approach is relatively simple to understand and tt %,'

the breaking down of the prob 1em into i ts h ier archv tends Li

help with the definition of the problem. This ability to

hp L ter do' f i ne the prob I em can o f ten reduc te the pr Te i vcd.

complex itiei, of the pTroblem. -
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Summary. e

This section has developed the methodology that was usnd

in the development of solutions to the problems of EVA crew % %

rescue and recovery of detached and adrift equipment from the

space station. Specifically, these problems were examincvd in

the light of the Hall morphology of system engineering. The .

technique of concept mapping was used in the problem

definition and value system design steps of this morpholo;y.

Also, the Analytic Hierarchy Process (AHP) was used to

provide the systems analysis of the proposed solutions to

these problems. Thus, this thesis demonstrates the

techniques of concept mapping and AHP within the Hall

morphology of system engineering framework.

.,
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IlIlI Problem Definition

.% %

AG indicated in the literature review, the prohiemci Of

EVA crew rescue and recovery of detached and adrift equipment

from the space station are still in the project planning and

preimiarydesgnphase of the project's life. During theseP

phases initial system concepts are developed based on a -

thorough understanding of the problem. The concept mapping

activity helps explain the complexities and relationships %%

within the problems. However, a little technical backgrounTd

into the areas of the Extravehicuilar Mobility Unit (EMU) anrd

orbital mechanics is required to fully understand the

problems.

Extravehicular Mobility Unit (EMU).

When an astronaut is performing EVA, the Extravehict-lai-

Mobility Unit (EMU) is providing two essential fuinctions fnr P

the astronaut. The first function is to provide a highly

mobile enclosure (space suit) which allows for ta ks to hi-

per -formed in space.- The seconid func tion i - that Of 1 ifP

support. lhis function consic7ts of providinq iicontroll1i-d

pres'sure enrvironiment, providing cleani Oxygen foi v'tig

m a in t a in in tePMp Prar tore r o- C0rlt To 1 1 Tn 11p ro0Vid11igf fo w, I-, t

managf'mtrn t (4: 3) .In thfe current L1MU, the i f t- ,uppo t.

f urICti10n-7 -ArP al IICoDn ta Ined W ith InT theU un It (wIhII ChILA Ii f-1tle,

a3 bac kpac k<) It is r'?xpcted that theL sp~ace- sat inn Ell]-, wil II

19~
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be similarly configured (1t):3-1). Ihis configuration i allow%-

for EVA without being tied to umbilical cordi which have , wR'A1

provided these life support functions in the past.

The problem with this type of system configuration i--,

that the EMU can only carry a limited amount of the gasse, AA

and fluids which are consumed by an astronaut to sustain

life. The most critical of these consumables is oxygen. Th". .

current EMU has an oxygen supply which will last for a

maximum of seven hours (24:1.2-3). Current studies for the

space station's EMU project approximately a nine hour oxygern

supply (15:3-3;20:4). With this limit on the amount of•

oxygen available, EVA crew rescue becomes extremely time -.-.

critical. If crew rescue is required during the latter

portions of an EVA, there will be a finite limit on the

oxygen available to the crewman requiring rescue. ihe worst

%.

scenario for rescue would occur at the end of a typical EVA

when there is only 86 minutes of oxygen remaining in the LNMU S

(21:7). lhe amount of consumable oxygen thus sets a linit o i

the time available for EVA rescue. A second factor whith .. ,

could cause I time constraint for rescue i-, that Of I -

malfinc tioninq FMU.

Like any piece of harclware, the FMHI i, ',vrew ti 1 1 to

mal-u l tions, lIast history ha-. ,hown this. On tll, ft Cl, •

spa( e -hlittle m ssion, s chfduled EVA'. wIe e oc. l I t-d I ui,'

of spacE' su', t ma] function,. (]Te of tlhes E I m, I frl(IL i )' V,

involved thie LMUI E-e u t-e(ulatol 131 ovidi ]i ) lowr'i t inl Ui1,i'

P- . "% '

% ".

' P%
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de-, i r od It.'3 ps i .Thn (3 ther ma I fount t i on irivo I vo d an

1mproper I y opera t 1 nq fan. Th is f in i no-eded to (i irci I.;tc

air for bri'athi rig and supplementarv coIinj to thre a,;trrr~iuf

(7 :73 . 7c" I, A 1 thotigh ne. i ther o f the,,e ma I f ui tLi o n,, wou i h-'

been irmediatel y 1 ifin threateninq had thcey occur red dtIir i il ,-r)

EVA , they could have cauised an unscheduled term i nat i on of ti e

FVA mhe sparce 'ta t i on EMU';- areP expec ted to hc- a hIit it-,r

pri M-olsure , morte advancpd VOT S 1o oV 0f the cuir rent EMIJ I P

14 -3) Mil f unc tions- i n th is niewer model could al,-nc Ulf~,. %i %

terminat ion of FVA. (0 1 thnuqht- these ma I fuorin t i imm'n~,/ na.

cauise thp prnh 1cm nIf dr itt ing L"HO crewmenrber , they wi!1

* ~~impiik t on the rescue operat inns: f or tho-,e- Adr- if t C rwert*,-.*d

-, uch the, [ MIJ n)Eed'. to he ack now I iwdq t'i a-, a p 1, av I r L

pr (1 iieb

W i tli t~h is Ulf hii i cAlI har-',qr oind abou t the FM( J ti()Trp I tf I

0.1 r)1w~ t m(, to move, in11to the at f'.1 of (If h I taI MiIa el Il * 1.

i t iiflp i( L- cin t he im;o b Iemni .

1 1)1 rb . i l~ I t Min thll I_ 1*

11,11- '11 hi;v t .. ii I ~ it a f n e I, I i i I t- l i ti I' a i'.

La Li ci my 01 ,1 tr t.iri1 o I i n i ie fi l iii ii t iii L if 1 i .A Ai

.-

vc ~~~~ ~ ~ ~ ~ ~ ~ .I. IfIt l f11 11Il1
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order to f IJ I y rinder-s tand tl,.? r r rmoat L on the prob I ms of f VA %

crew res cu3 and e-quipmenT-t rPeCOVery.

In Januar-y of 1987, NASA cIondUE ted a st-ady on Lh-I

dynamics of 17VA crewmembers inadvertently separaited frmm the-

space station. This study involved thi- dete'IMixur1t,,on of

initial velocitie~s and rotation rate', ascsociated with vIr ixi,-

puish-of f sn ,narilos wh ile in a-- we ight less env ironm'.ent. h

tat ionary structLure by puish inq off w ith one hand, twohid'

one leg , or both legs and mea-sur ing the r-e-iult Ir'MI vi, I i L i %.

Thp weiqhttessz- environimLnt was s;imulatod by flying IK13

through a trajectory which simulate-; weightle~res iwo

I mportan)t reLsultS wire obtained from Lhis study. I he f 1;-,,

was that the initial veluc i ty ot -icpar at inn avErcacjnilO tci 1hi1

2.2 t t/sec for a sui ted crepwman. The s-econd ru--.ul 1V % %f Wax

that tlierr- i -, il1way-, some type o f tunibIe a'n .''iwV

these pu - Lv)of fs (23: 7) J his: turfnb le is- due' to thf- frl:t ,hIm t

it i '- aI mon;t i a i n I) I t- to i nipar t dl push C)o T fi iO (I 1 1-' t, I

* through theI crewman'-; center of rsn.Us i nr)j tire eu t. a'

this ti(Jy, irniti~il orbitail character inix eedeter Inrl''I0 -

for anrv{' FVO ewmayi ea at i iif; f roin the Ipace t-i t i - -~i s

01 1 theI orbi1talI harartr-r i -t icu -,tticl i~r ia' Ui .,:

ftat In t i -, the, r f rn p ~ (C po inI)t f u the L a ICI r 1!. inc. 11, 11 1,,

ulont, hq'zrr-# thc ;rrd leh I -, ()f f VA\ C w ri--. i .1:10 IF~lO p I .*-

Ieco)vf'u V f It I f (J t~i' he LLY1 ttn t. Ii hb- olj 't Cr 1 (7 (r-11r 1 r

'A( L' LF I t. IC) T. 0-, -,ki-h. i~rrrr rrt' .'tiri ( ir~i (p 1 ) 1

dr

le'
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established with the space station at the origin, the x-axis

pointing in the direction of the space station's velocity

vector as it orbits the earth, and the z-axis pointts in a

direction perpendicular to the x-axis but directly away from

the earth's center of gravity. Thus, a measurement of the

distance to the earth is found in the minus z direction. ThI I e %%

y-axis is perpendicular to both the x-axis and z-axis and

indicates the direction of a plane change. Calculations of

orbital characteristics are based on the space station in a

circular orbit at an altitude of 292 miles with an orbital %

period of 94 minutes. The space station is also assumed to

be always orientated in the same direction with respect to

the earth (19:19,25). With these assumptions, orbital

characteristics are calculated for an initial velocity of 2

ft/sec for an object in the purely x, y and, z-axis

20. directions.

With an initial velocity of plus 2 ft/sec in a pure x-

,, . au

axis direction, the objects orbital characteristics change

,%
the original circular orbit to that of an elliptical orbit

(Figure 4). This orbital change causes the object to drift ,

away from the space station at a surprising rate. InI fict, :,-,,

a at the end of 20 minutes, tIe object is appro xiInat cIy 7]00 f L %

away from the -pace stat ion ( ii the x direction ) ind mov i S iq

a t a relat ivP vel(ci ty of 7.2 f t/se-c (,20:'*)f (U thl' endt 1)

one orbit ( 94 minutes-) the object will be ap[pr oxiniti, I .

S34 ,000 ft (6. 44 miles) away from the space Ptal. inn arIl S

22 3 -... -
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4. %

departing at an ever increasing rate (25:4,). Figur f~i Po~

the relationship between absolute range and timL- due LO this,

pure x-axis initial velocity. 0

AV 1%

%: ~

%A *

Fig.3. paceStaion oorinat Sytt~ I?

24 ~p
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Asimilar analysis is done for an object wi thin an%

initial velocity of 2 ft/sec in the Pure y-aXisE dirvUCtion)

from the space station. The orbital mechanics of this

situation describe a plane change (Figure 6). The

interesting aspect of this purely y-axis direction is that -

the orbits of the object arid space station cross paths-z twi~e

t-ach revolution. Figure 7 plots the absolute range hutwr-vi<-n

the object and space station. The maximum ranige in this ra--e

N, is 1,1320 ft (25:6).

0

STAIO %y

±Y?

~.'. J.

Fig- 6. Y-Axis 1r~ijec~Loty(2:)

lei
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Fig. 7. Y-Axis Orbital Mechanics Effects.-

Absolute Range, +y = 2 ft/sec (25:6)

The analysis is also done on a purely z--axis basis. .'

Again, the initial velocity is 2 ft/sec. In this case, the

@
object and space station cross paths once an orbit (1-i(ure "'

8). The abs olute range is found in Figure 9 and has a

maximum value of 7,200 ft (1.36 miles) (25:0). "

S
This analysis _shows the complexities of th, o rbit, I

mechai i s for the problem, of EVA (t:re e r esctie aiid f'gaii panf)l.-'t"

r-re overy. Thpse comple,xi ties are- fespecially tr-ue if (Me

r orn',]i tie that ain oh jrct se(paritir( -ig fron tihe ia( I L'I t. 1 on

S1 I I mo t I ikP I Y have vPl oc i ty c:€ WTI r t; ir fI I I till ( ;-, Iil

direc-t ioTv, a nd thtts have ai1 extrmly om ii_ -at fd obIt 1 tLb

r-1JPEc t to Lit' sce,talt 10on. lbis aay il,. a)hO ovv, LhhiL

% %
P7 S.."
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a separation with an x-axis component can result in the % o"

object moving quickly away from the space station. One of theI
conclusions of this analysis is that the orbital mechanics

,% -

become more complex as the object moves farther away from the 6 -*

space station. Therefore, the quicker the response to an

object departing from the space station, the eisier the

rescue/recovery operation will be (36). Because of thes2 e

complexities, each separation must be looked at on a ca-,c-h!-

case basis. With this technical background complete, th("

problem can now be defined.

r,,,,,--~~OBJECT ,, ., i,
.' V.. ' l

(D.'" ST TION -, -.-.

EARTH,. .,
..

%%% %

i .t) .UAxI Ir aj , r y ,- '-
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Absolute Range, +z =2P ft/sec (2_5:,) .,%-

Concept MaD ?p".{

q% ~~The approach taken to define these problems was concep~t ""'

mapping. Specifically, with the help of the NASA Space '[.....

Station Office at Johnson Space Center (JSC), ten"- j

*knowlIedgieahb1e persons were i ntervi1ewed i ndepe ndent Iy andl""-rf.

442

concept maps of their views on the pr oblIems of FEVA cre-[w

e,;cue: ,and eqi pment recovery were ob ta irne. fiheser.,%.

knowlIedgjeab 1 e pern;ons 1included project miagern-,, pi up} am ,.. ,.,.

cop inrier s , and astronaluts, a) 1 of wh~om had exper i eru e: wi tlh. .

S

Pi ther LVA1 or space T')A.Ue' s;yn turn - Iod i v Idual (0( 0 ]:r t n.|ip "-''.

were ijener<atet (lur iroj} a three, day '/1sit to iS -[ These, %-..

Lndvdual c oncept map('-. were cumrn,l In fEni m a r ocmn;ol date d t..,__.

00

C oncep t m,: 111 th"p i 1€m,..",""w '

conrept maps of thir vieh s on em he pro m .

~ *~. , . .. N%

re-,c e and e~lkip~en rec very ( ..eobta ned..-;s.
"." "o'i'%''' know' I.,%, %"- , % c "-,"' I -e p -ers ." "'," ,=-".included-.".- -proje"ct . . . .-. , .-aoi. .-r, . .".pit - ''''.'.a.

".~ ~ ~ ~ ~r q, ."i n (-, e- r" a= n d= a, -; t' r o n r I U" t% S , I I I a f w I i o m h" "a (I %-' x" F• c-- r i% "" r" ° i" w -i t-
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Onp of the concern-, dur i ri thce generation of the

individual concept maps was that of the inabili 1ty to fccu, on e

the problem. To thisa end, anI initial (pre-concept maip)PI

survey was conducted to help attain this focus (see Aippendix A

0~). Once this focus was achieved, the interview for thc-

concept mapping began.

These interviews proved to be o F gre-at value1 inT dfinl1 i

the problems. The individual concept map-s had some overlit)

V among them (which was; expected) , but they also tended to -

center on the area the knowledgeable person felt mos_=t
%

comfortable with. This indirectly allowed for the gEnei tin

of a consolidated concept map which encompasse-zs the (Jotirt'.**.

realm of the problems.-' .~

The consol idated concept map for the problem,; of EVA\

c reRw re -,c ue anTid re co vrry o f e qu ip m ent d et a chtied a nd a dr i f t

fr om the space station is found in Figure 10a, l~b, and lO~f

I-i thp genieration of tiE i map, the probl1em-- were brokenf duwil

i nto the thT ee s7ec t. ions - This breakdown occur red morin by

charice than by actuoally being p1 anned- Bult the hre lk(h)oJ1(-

dool. f it c-x ti-emel y wellI into the Hall m orphology an-d '0

t hec f I e x i i 11 t y o f c-o ri c(' t-) m a ps .

. V(ze al 1 impor t ail, nhist'rvat on." 1onec to he mne w-J Li

re pi t t i r~ rri c t,1). ma1p,,. F ir-,t of all 1, Li s n

a im 1(1,nm~o 1 t i i ()o mf t('n i rit Ii v i (IIa I co(Tilrmi t lao .

,LC Si imi I ir i r(id 1v icA,i I i dea' VJUT C9 Ccmmv.,ol (M t'&tl - LI(1

t t i i i iuIi v i d i il i (I i, w( it imi i u ji m'atc2eu uL~ Imta 1 h t ii i - S)1 il07

D:i()



UW ~.T L'U U ~JUIIU W WW W K~h'U~ M~ WKM M .k E FZ'F .A .XII. P~MI FIRTWIiLfRITW PUPWVJul WVWV F F K N , ) U2'RJ' M ~l- rb -

leJ

0

r

z* .>I

a--*>I

0* 0- a

Fl i cj LL z a tv~ ~ e mce .Mp(P b1e X .w

*l z

u
Z L, ~ N . .



A'

2 c
c- a

L.1.

Ix~,, 0. D 
w

w0 arI
o0

.....J f3
> LL

-

r

Ln %. t.
J,

* . % E~ .%



0

%% .

* .'

x 0

zz- 61

C, Ll a

tn0

*.

zo,~ L.?
u~~ cc w -

*.* z .d

a0

r t,

r0
w~%** z~ **I** u 41

w0 w

Ll 410

ujV I



%

in the Consol idatedi concept map, but they are all

r Ep r sen ted. Second ly, the CUnISOI d~it icn oif the inTd iv idul

concept maps wac. don~e by thel author. Hopefully, rio biist-

were introduced into the cons-ol idated vers ion. Thio

el iminat ion of any b ia-ses i-s a reason why this- cori,-o Iida ted IZK

concept map -,hould be u-,ed as t- Atartinq point for a

subsequenit iterativ( nlyi to the pro3blems,. The f ina~l

observat ion abotit the con,,o 1 idate-d c onc-('pt mapj is- i t, I-:OV41ei

to represent the prob Iem';. The ab i Ii ty to 1 1ik set-vtr -i

sepa-.ate ide-as to onei( cent r a Iidea1 and ea 1y d 1,pI I -iy L) I ',

I inrk age proved to be- o f cio r-moiV. va 1li( i n undler-7 tairoirig

problems. The c onsolI i da trd i oii op t map -. how,, .1 1 1 theo f .o to,

arid relationship-, whicrh if fort thu pr ohlp bin.. loevi , '-o!' . .

of theseIk fac mor' fled- to he hig I (tI! jt t d-

T h(' prob3 IE-m clef 10r)1 t oI ()T i t i( on i 1)f t ( c ons I I tj~lito !

- onc ept imaip (II igiii F- I sta w (Ive I fi f (rI *ii 1( t t Wit'1I

ego i pinerit rco (vi r y indl I \}(' r i wfymo i i-'.c ii I irA. itieIi t'

-,ep.3ra.1t. Pd ob jer-(t is, a n iV T ewinritie) (' I I mIIII to t im 1 ME I

fo()r rc ue i s e'-i,~i )1 i't d (Ikii t.e () c c ri;'im, i b ' HI Is ro, r II

c reowmcinter- iS I r a ir'(r 1 .in cje- oh ji'c t Ii it iIai ti 1 1) h 1,

IS (571151 ci toj tta~vk th in i ,inal ioh jtt , like( a nm tt, %'uiM l! 1 )''

II T iir , i t wiv fe It thIot. e(r tai iri dir i f t h I 'iit; ciIL I r

Pfo 0 t()TPo )V T ( Ci' ivI Ir o i C1bt hit ki T Ii V i'' eu I it ai la tei-r L iniu'

(>3) 1 lii' optiiruuI ".jiiid I ItL ' x 1 t fo ()1 1 fw 1 i-'( tu'.

l'4
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Additionally, this decision area points out the scenario

dependance of problems. The type of object adrift, the

object's orbital characteristics, and the object's Peo

probability of returning to the space station all determin('

if the object will be rescued, recovered, or rendered tlon-

hazardous. These object characteristics are all scenario

dependent.

The consolidation of the individual concept maps polntud

out that these are basic system requirements which all

solution systems must meet. There are two basic system'-

requirements for solution systems to the problems (Figure

Ob). First, the solution system must get to the adrift

object (EVA crewmember or equipment). This can be done by

either having the system move to the object (as a free tIyinq

system would) or having the object move to the system (as in

'P, the case of a safety net). The second basic requirement i,.

to either return the object to the space station or to pla-

it in a safe orbit (a safe orbit is one with zero pt obbil ity

* of the object hitting the space station). 0 third ba',,i-

requiremPnt, which is not specifically stated in the cont-; t _

map, but rather implied, is that the solution system muit -"-"

operate over a range of distances from the space statioin.

The so ltion system must be able to r.-cover ohjc L th, t ir c

both near (wi thin 100 ft) or far (distances- where (r)itai ..lI

mechani _s play an impor tant role). Wi th these' basic sys, tum"
N•

requirmentL, idnti fied, siv(,ral f actors which do tui a the -- ".ht

. -S - -.

s ?;.-.;,<



system-, design can now be ident if ied. The consil idated 4

Concept map ident if ied f ive -;,/stem design faictoys Th-,;i

f ac tors are sa fety , response t ime , relIiab ili1ty . ava i I h i I t>L

and maintainability. These factors. form the rriteri.-, on .i

wh ich the var ious so lut ion systems wil b1 e eva Iluated.

%S
It is interesting to note that since the problem is - in

the project planning and preliminary design phaso of !,he

project'5 life cycle, the knowledgezable persons at NASAT I ! d

not feelI that cost was- an important criterioni. Ap preor l-nv,

this factor becomes more important as the SOIlution syctewms %44..%

becomt, bet ter def ined. This appears to be based on) tht-

premise that the ideal solution systemn will he thele

expensive solution from a li-st of system., which all mept the .

probl -'m '-, basic system i-L-qu iremn ts. [he gienerat .on oif th i

I ist of possible solution systemis is, a],,( o ee--n ini the toncep t

map.

Nu~me-ronu:SO Io lt i on y,, tern- t~o the? p i oh I errr wt-r ~

identifie(d in the individual (once-pt map.;- Tho -;Ytr'm

Csyvtthe' i- s ec t ion of the? cronsol idatted conucept in.ip (I riwri % %

I Or-) shoiws t~he charac ter ist ir of these( '1y term *i'r ()y 1rb (1-

s ome e xamnples. 1hp hr eakilown of the --o ot ion y.im)ir

sho rt rage medJi um r arngr ind , I n g ranriqe is 1) dieto 111d i aIr

that the I alige aIs (lit ion ..YstrA mrieerP, Ii 4-1 at 41 Uti i wi I I

rlet(7rmiir tli' cliarar tr-r- rt. ir o (f thait rri Himf :~Iwo't.

arigtoe anT objPC t isc a waIy fro th () . e-1 p, te stt 1n 0 era I WkI1 %

due nduien t , the OhM c- Of Wic It type( of ]tit.1 iol * 01m ul'

% r..
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is also scenario dependent. A short range system could not %

be used to recover an object which is at a long range. P

Likewise, a long range system may not be practical for he;.

short range recovery of an object. Thus, range is another

factor which impacts the complexity of the problems.

Summary - -.

fhe problems of EVA crew rescue and recovery of de~taclied

and adrift equipment from the space station are complex. Thu -

technical backgrounds on the Extravehicular Mobility Unit aid

the orbital mechanics of objects separating from the space

station help explain some of the key complexitie-s of the

problems. The consolidated concept map defines the problem.

shows the key areas of the problems, and ties these arean-

together- With this understanding of the problem,z tht,

analysis was initiated. P

-'..%.''.

* p.
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IV. AnQliM a 1

rhe puirpose of the analys-is sect ion of thi s th-es v was

to provide dir.ect ion a-E to which genieric so lution vfen

appear bes t suited to solve the Iprobl-fnms of -V' (rew. tt-c fe

and i-quipment recovery. The analys7is also evaltiated Lhn' NiCS5,

pvov idild con trac tor propose-d so 1 t ionI -s',steMs to U'IL2

problIecms, . l this end. a review of theL definition o:

sys tem i In or decr

Acording to Athey, "systems are any sePt of compnniTit,

wlu ich con 1 d be soen as working togjethc-er for the- ovferai I

objective- of the who le. (1: 12) Thus , systems canI ht'

considert-'d a,. gro-_ups of subsys ferns which work tuenther to - -

p 'r fcrm a common mission. In the? case of thi s thes-ic- !:it

ommon m I si on i s to resc ue EVA crewmembers and to r k- t ov 'r

di ta c h Il i Id ad I- I f t q Ii I p m er t I r n mthtIe spICeP t a t ian I

Ins OIOI Idla tPId r r L11t Map es tob I i chcd the v'nv i r-OTIeU-i~ lIi I

whic~h the s y:stem mus-t. opErTate It alsoeta ihl h

*c r It Pr I i h hy wh Ict1-u th I ys vteIns w ere e v atlua ed.

%.r% h1

Eval1uiation 7r i ttr Iil

The- evaluatiin cr iter ia foi Lhi', ,il'i lealf

I I thIi Vl I L it' 5 '; tP111 IDe I (n sen( t I (in U 1 tI uE? si 1 1u0, 1 1

.

eva I ua t inon c r u ter Ial, hok t I. 1a] 'in u f i's,- then11. 11(- he f m I

OvalIUa t, In (IT r I Lt I i,10 i L? a y - h, If r'ty '., diif III':" 'I. h u

N Nf

%0



the f reedom the rescue/ recovery system prov ides fi am mak i ig

the situation worse or from endangering other crewmLinh& rs.

For example, a system could be considered safe if it ha., a

95% chance of not making the situation worse. The -econd

evaluation criterion is response time. This3 criterion is

defined as being the time it takes for the rescue/recovery

system to detect the separation of an object and begin thi?

physical process- of returning the object or placing it in a

safe orbit. Reliability is the third evaluation criterion 4%JP

and it is defined as the probability that the rescup/recoiver-y

system will successfully perform it's basic function of

reaching the object (or having the object reach it) arid

returning the object to the space station (or placinig it in az

safe orbit). This criterion is a measurement of the

probabil ity1 of success for the rescue/reczovery system and 4'

takes into arrount Such factors as the probahility that thin

s ystem wilIl not mechanical ly failI and the probah iIi ty that

t he systePm wa -- des igqned toa mee t t he phtiys io:alI c ha I t-nq es

the re-scue/rePcUvUTry . The f our th evalIua t i ou i ri t er ion) i i,,L I t

of ava ilIab ili ty . Thi 1 o-T i ter- i ori is- a mea'Air Emori t o)r thln

systems acc c-,, i h i I i ty aiid i t 's he i ng unab Ir wiii n ii ,t(JI-cd . I- I

e x amp Ine, i f th e y,7 t en t r equ i r ed to( 1) e av a i 1 ab I t '/ o f- L I i

t nIe", then It t n (-ITI e1 d 0 woI' foIr- opa n-- thtet r P C,1i WI T)] 1 0%' of

the. tLmo. The to it~k i-, to insurle that thi n'(O/e v

syswtem is niot "dowii whien it i" S needed. Ile finlal ova iiil) o

rr I tilt I or) I t II . o f ma i Ita I i 1 It iS t tt . o
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measures the serviceabi I Ity of the res-u(-/rec-overv systeT.

It i,; traditionally masured by the timp it take,, tn r ip.iir 5 

or service the system. A brief summary of the eva i attit)or

criteria is found in Table I. With the identf ic ation of

these criteria complete, they can now be applied isn5mm tthi

Analytic Hierarchy Process."-.p "

TABLE I *

EVALUATION CRITERIA AND DEF I IIN '-. .'
. . . . . . . . . .. . . . . . . . . . ... *d'.

Eva I uat i on 
% %

Cr i ter ion Def i n i t ions

Safety Freedom from mak iM rim The sI tut ,. --

worse or from undaricjerir Iiq ctir ...

c r ewmemh er s

Response The time from obje t -. ,elritinim t -

rime that of beqinnin] the phy.,ir al

process of T esrC Ue/r e v Pry, o

render "safe" ,

Re Iiabi i ty Proba i l ity that the, r (-s,-it,/
rer nve-Iry sy'Lum wi I I sr ue',',f~H 1',Y ..

per form its' ba,,ic finct ion-, [ f
I -ach iq L he tuhjc t (or h 'e., t. h-

objert reach it) and retL rn ti,,
oh jec t (oIm rcl'lder "sa fe".

Ava II ail 1I ty A f)T oht i I i t ci rtmn'' I ,t c ti t I "

,merri 'mt.y of tlii(-' tim. n.v-,t!m wi hi 4 - "-

.mrensI In11 and _It Im 1' (k InI I riq F V"

to) rr'lma ii ii, '-),'r vi i '..,.." -. '

. -.

.. .. "-

M,' I. I. -* *. T' I, Ih IIIt0f thS "
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Analytic JierTarchy_Proces (AHP) %nysis

As previously stated, AHP was used in the systems

analysis pha!_,e of this thesis. To this end, the pT inlipl], %

of AHP were also Applied. The principle of decomposition,

which calls for the breaking down of the problem into I

hierarchical structure, was applied first. This was foI lo;w.

by the application of the principles of comparative jtidgemrn,..t

and of synthesis.

Principle of Decomposition. The AHtP techniquo whicl.

takes a complex problem and breaks it down into simplf, par t', ",

is known as the principle of decomposition. This technique •
,. "- N'.5.

calls fOr the construction of a hierarchical structure t "t.,

capture the basic elements of the problem" (33:141). Th,-

principle raIls for the breakdown of the problem into 1uves •

anti sublevels. The levels contain the critei ia upon Li.TT:h i''c'

the stubseclitnt sublevels are judged- In this the,,is, th""

problems of EVA crew rescue and recovery of detachdl ii.d

adrift e'qulipment were exImiiel in a single hierarchic0il

struc ture. This struc ture was T-ierived( fr om the cin-nl itr,".-

c onc ep t mlp and i i fot irid i n F i gre 1 1 .

The over,ill goal for the prohlem is_ loczted ,it tht- LI)

of thte hit-rir-chy. In th i ' caseP, i t i 31ripl1y to Ht'! i' t Ti'

best sy',tePM to .o1 y th,- prob em.', of FV() ( IOw I ,t F",u( 11

et-ii LirnerT0. r t'covery. The, -,Prood1( lt'vtP I -; thaI It of t.i t n I Liii*

to bPn 1tiEd tO ,. p

t-r i t v r a rm-' L the scii T ntue- cjn f, i f1 (I i 0 tl ( ()T),,() I 1 i1.1 ti fI

%I
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.. *.

%5.. j. o



.% "P

0

rI %

41 r- d

aa

a~ ~ Vu

a)u .% %

U ) uua

E ~ LL
a~~ al .. ~.

W al a)'

Iu w E -:

4- 
-Ju A

4. 'UaA L

u 0 10
a IA w

Al

IU 0,U)
Lfl >UO >0

2 CA
u u

al 0f E

Cfl 0 r-r

'w- u z2m c

z 0

c Lr) C



p ,, *.1 *,'%

concept map. The third level hegin- the process of brak ,. ,: q

the alternatives down into manageable part-. This level

defines fotir representative rescue/recovery scenarios withir,

which the rescue/recovery system must operate and meet the... .

evaluation criteria. The purpose of this level is to

determine if there is scenario dependence on the solutioni

systems. This breakdown is based on the assumption, which

was verified in comments to the consolidated concept map, r

that the evaluation criteria are scenario independent. Thu %

fourth level brtak into te

breaks the alternatives into their respectiv"

range categories. The fifth level then breaks these rancge,

categories into generic system types. This breakdown is du. ,

to the vast number of contractor proposed solution ystem ..

provided by NASA. There is a sixth level to this hiefarLh/,

but it is not expanded upon. Rather it is indicated by th..

term "Proposed Solution Systems." This sixth level is thu

list of the proposed solution systems. It is a list of ho tl

contractor atld author generated solution systems aind is foun,".

in Table II.

TABLE I I

PROPOSEID ;OLULII TON S YSTI-MS
__~ PT ___[;': t ' }ro[)JtEd %31t .(}

_.__ ___ . " .AZ ,
%,%

yPropocud So I ui i tn

T~

.4 '. *.°° "

.% .. .° ..

FiVCO 5(l f R c t0 i and1 HEld Pr opulloIV D [PV I ',t

Por tabl1e (Wrou I) Ji' I.

Safuty thr o)w 1 I in /r -,c ti( I ii(
T-l r - p P u n- I Lu."k

P-

N %* ,
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TABLE II (continued)

EMU with Jetpack

Space Station Safety Nets/EVA Net Enc loure
Supported Redundant tethers/double

tethers"i' op..(

Boom extender A

Mobile Remote Manipulator
System (MRMS)

Smart end effector for MRMS
Net ejector system . -

Rescue Tethered Unit/Guided. .
Tether

Enclosed cherry picker -'.

Open cherry picker

Shepherds Hook/Recovery Nei "-!-.'
Rescue Line/Life Ring

Unmanned Free-Flyer Telerobotic vehicle

Guided tether
EVA Retriever
Generic Space Rohot
Astrobot plus EEL]
Prox-Ops-Veh icl e
Free-flying independently S

directed excursion uni t . --.

Manned Free-flyers Manned Maneuver irwj Unit (MMUI)

Extravehicular Excur _ion i i L-
(EEU) V; s,.

Homing unit pluc; FEU S
Man-- i n-can
Manned Rover

STS Space Tran'por tat i ni i Sy,, t.,m,

(Space Shuttle)

fIMV Orbital Maneuve) irrg Vhif l - '

CERV (Crew Emergency Discoverer
I Return Veh i c l e ) Gem i ni 

Lift nq Hody Vc-drir I.,-
AFE
NOSES",,'--"

6 Min Op u I-I o
LaRC Conf iUr ation

1.4. I..

* .

* ....-. ,".-..-.. .%
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Acan be s ce-n 1n Tabj 11, ther e areP numer uus %-

contractor proposed solution q-ystems to the problem,-. T t,

analysis used AHP to point out thp general directinc; the%

rescue/recovery system should take. The analysis was .

therefore only be carried out to the f if th levelI of the

hierarchy structure. 'Jith this hierarchical stru(-tuyre-

complete, the AHP principle of comparative *Judgmerit E wa-, .. t

applied.

Principle of Compjarative Judgments. AHP use ,i a r

technique of comparative judgments to measure the retlative

importance of the evaluation criteria to the goal. These~

judgments are accomplished on a pairwise basis and i(E, used

to generate a weighting function for the evaluation Lriteria

with respect to the goal. This function indicates, the

relative importance of each of the evaluation criteria-

In this thesis, the generation of the wEighting fL1nd Lin

was accomplished by surveying the ten knowledgeable pe:r-,ons

who were interviewed during the generation of the W,

consolidated concept map. This survey fol lows the proCetiw es

outlined by Saaty and is found in A'ppendix Pl of this, thi-,i,-

'The resul1ts of the survey are found in r-)pppend x C and the

pai rwise compa;ris-won matrix for thc- evaluation (-r i Lr ia 1,,

found below in -Table III.-

7.-S

% J. % ~



TABLE I I I

PAIRWISE COMPARISON MATRIX FOR THE EVALUATION CRITERIA

Criterion B

Criterion A S RT R A M

Safety (S) 1.000 3.00 1.56 2.46 5. 1(?

Response Time (RT) 0.333 1.00 0.67 0.85 2.42 •

Reliability (R) 0.641 1.49 1.00 1.93 I.80 

Availability (A) 0.406 1.18 0.518 1.00 4.2I

Maintainability (M) 0.193 0.413 0.205 0.237 1.00

This matrix is read row by column and shows the relative

importance of one of the evaluation criterion to another.

For example, Safety (S) (criterion A) has a relative

importance of "3.00" to the criterion Response Time (RT) .

(criterion 13). The scale used in this matrix is li--ted below

and would have a reading of "3" meaning that of weak

importance. Thus in this example, the criterion of Safety is .. 4. ..
.•. -...

weakly more important than the criterion of Response Time.

These matrix weights were generated by taking the geometric. .'A, .."

mean of the survey results (see Appendix C).

TABLE IV

MATRIX WEIGHTING FACTORS -

FACTOR MEANING.

PO Cy iteri )t A is strong I y I ess important than cr i terir n iP

0.3'3 CrI t(er ion A is weaklIy less imp)rtant th,iy r i Ler 1on B
1 F.r i tir i on A is f eqial impor Lancre to c r i t, io ii B1
3 Cr I ten ion A is we-akly more important than .c , I L non 1.

Cr i tier ion A 1 ,t.r-(rjly more impOr tant than rr I ti(i inri D %
All othl Inte, mediate value,

va I tic-

% %- % oP
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From the comparison matrix, geometric means were

catculated and normalized to generate the overall wei qht f,

the evaluation criteria. These overall weights are frund irn h ,

Table V.

TABLE V

OVERALL EVALUATION CRITERIA WEIGHTS

Evaluation Criterion Weight

Safety 0.377 % %
Response Time 0. 142

Reliability 0-257
Avai lability 0.168
Maintainability 0.055

These overall weights indicate how much each of the"

evaluation criteria contribute to the overall goa;] of l;he AIIP

Hierarchy. and form the weighting function. The weirhtin' "

function for this analysis is therefore:

System Rating 0.337(Safety factor) - O.lk(Responve S

time) + 0.257(Reliability factor) -

0.168(Availability factor) -

0I055(Maintainability factur) •

These we i gi ts are a I I hased on the s itvey reu I t'. AI -

ha- a r) r (C(I e h ch cr he k,- th c ompar i sn's m113 c I d C1 1 r I

.,urvey to ird ite if the judqment.s made hy the k' i l te- ,i , j.. I-"

S persnns wer-c' c or in tent. This prucedtIr ( gener at t" a -... j,

' measu, eini,,,t cal Ied a I- (l-,intelly ,a tio which in a n, ann, e .

-p -.?.,

1*7

%P -" %: . ~~.
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of how this survey judgments relate to random judgmet,. The -

results of this survey have a consistency ratio of 0.01 which

is well within the minimum standard set by Saaty (below 0.1)

(33:142,143). Therefore, the judgments and calculated

weights are consistent. With the weighting function set, the

rest of the analysis proceeded.

The next step of the analysis was to evaluate the

various scenarios and associated generic system types to g,.iri 0

insight into the direction to take with the respect to the "d

evaluation criteria. Thus, each of the var ious generic

system types were compared to the other generic system types 6

within their own range category in the light of the

evaluation criteria and scenario. For example, one of the

comparisons was stated as "which short range generic soluLion

type is preferred as being the safest for the scenario of a

cooperative astronaut becoming detached and adrift from the

space station departing at a initial velocity of 2ftL/sec, i, 0

it the EVA Self Rescue or Space Station supported guner ic.

solution type?" Following this preference choice, a weit(jt

factor is assigned which indicates the strength of that -

preference. The scale used here is the same ats ,ed it)

Appendix P. These preferences are then examine (l (if ,I %"%

scenario hac:is to s.e if any overall dire(ctitn c-n bo .

detr,rminrd . -the definitions of the scerar is, r arult, *,...

catcgor ie' L , and generic syst-m types are Al I f onrd ill [,1 ..h I

VI helow.

'03
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TABLE VI .-... *

DEFINITIONS .

Level Definition

Level 3: Representative Scenarios

1) EVA Rescue, Cooperative An EVA crewmember becomps .%-

departing at 2ft/sec separated from the Spaice -',

Station. He/She is
separating at a rate of cy.
2ft/sec and is

% cooperat ie.

2) EVA Rescue, Non-cooperative An EVA crewmember bucume'"-i-'-
departing at 2ft/sec separated from the Space

Station. He/She i,- '.1 •
departing at a rate of S

2ft/sec and is non-
cooperative
(unconscious).

3) EVA Rescue, Cooperative An EVA crewmember b' ,ofnvt,
departing at 0.5ft/sec separated from the SpaL,

Station. He/She i,.
separating at a rate of
0.5ft/sec and i',

coopera t i ve. *

4) Needed Equipment departing A piece of equipmyiit l i,, S

at 2ft/sec been determined to
require recovery. It .I,,-
departing at a Vate f ""

2ft/sec.

Level 4: Range Categories

1) Short Range This is the ai a wi Lin-
100 ft of space ,tat. i '. " --

2) Medium Range This is thu area Oit iW -A

the shrt rh o inr I n t

Lwhrr u o r ta I i ,tIiri II

are-, not i majo . ,

C oyii I(tr tion f ov %

Fe5CUU/1~ 0._V 1 Y. " oManeuver I nqI W Ith InT t I1,
raq C-.g'11 hoant do ri th).1tj
I ane of s (Lht f ; ilit,. .

*? . a".
/ 9 -''." ,".-,'.=

....9?

k 7 "I" ...%



TABLE VI (continued)

This area has been
general ly de fined Is the

Space Station Proximity
Operations Zone (roughly

a sphere of 1 kilometer"
around the space station)
(3).

3) Long Range This is the area outsi...j
the medium range where.
Orbital Mechanics must hP .

considered in a rescue/

recovery.

Level 5: Generic System Types -,

I) EVA Self Rescue These system type-5 call
for the separated EVO
crewman to perform self "N.
rescue within short rane,
of the space station.
Example systems include
hand held maneuver inq
unit and safety line- S

2) Space Station Supported These system types call
for ves(zue to be

performpd by someone
other than the
astronaut requirinq
rescue wi thin shor L i ince
of the space station.
Example sy-,tem-, in( ltd(e

extendible pole ht)ok ad
net ejer tur syst(m.

3) Unmanned F ree- Fl yer s This medi um r inT]U, _,y'/,n "

type cal 1s fo an
unmanned fret, f I y i r i -
system to hL unetf i a C, -* l"

rescue/recover y.

Uxample ly~tm t 1 de 0
Fener ic Spact, Roho t. ind

A\strcjhot. X

i) MITnnedcj F rec- F 1 yer s Th me(d i Lim rarqe nyltern
t ype C i I I ti f aV e

frei f lyinq -sy tem t() hi.
u'ed i n T c2,iY/ r\Iy.

50
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TABLE VI (continued) % "M.

Example system inc Iud'-,
the Manned Mliietiver in-
Unit (MMU). ON

5) CERV This long range: system % %
'I 'V

type is the Crew

Emergency Return Vehic lt.

It is a system currently

under development which
wil l have the abi l i ty tu
safely return astronaut -,

to earth if a problem

occurs at the space

station and the space-
shuttle is not availabl1.
This is a manned system"

6) STS This is the space tran, - 0
portation system also
known as the space

shuttle to be used f or
long range rescue/
recovery. ".

7) OMV This is the Orbital
Maneuvering Vehicle, a
long range unmanned free
flyers currently under
development.

The evaluation of the scUnar i os and associated qiener "'.

.-,olution types was performed through telephone interview-, ....- ;.

with technical advisors from NASA (20;3?) The result:, of

these evaluations can best he seen during the appl ic ti n of
%

the last pr incipl of AmP: tLhe synthesis of priorti Li,
A .% %A "

principle. A.

Synthesis of Prior tins. - snth-utis f- ir ot i_.

calls for the evaluat ion of the h I rarchy by using( th, .

51 ii'-



weightingC function and preference meas-urements. This is- thie

step where the results of the analysis take shape. In !,hi's

thesis, these results indicate the direction the overall

systems solution to the problems should take. The res-ults of

the analysis are best seen on the basis of the range0

categories and the associated generic system types.. The

interviewE, with the technical advisors from NASA indicated ..

the directions to be taken within each of these range

categories.

For the near range category, the indicated direction- fur

the generic system type was found to be scenario deperidaint.

* The NASA~ technical advisors indicated that in scenarios wh ?re -

a cooperative astronaut had separated from the space s3tation.,

an EVA self rescue generic system-type wasi preferred. T his,

preference is due primarily to the safety considerations with

t h is type sys tem. Add it io naIlIy, foc)r the sc enari o 0f equ ip-MCenIt

recovery or rescuie Of a noncooperative astronaut

(uncons cious) , a space station supported generixc syste t'e/jLy 1

Nwas preferred. This choice was made dlue to the fact thait thu

EVA~ relf rescue generic system type is not applicable? ini

these Fcenar iou. and thus a s pace station -suppor ted q)eiinT i c

system is the only choice available. Therefore, two qele l vt

~y untyfP'Er, 11 P preferredC in the nerrag r esce C r P ecctY

.i tua t ion.- Thesec sys--temsn are ir) L-V( Tc'] f> rY.x y(-,c !

r uLe of conpe))(r at i ye as :tr Orlauts relu ir- i nc resue ad a

-pACC' -stat oMs ipo ted s ystemf fx r escue! r 1,rc ovi I f



":0

everything else . Scenar io dependance was found [n I l' in t.h,.

case of near range operations. S

In the medium range category, the preferred generic

system type was the Unmanned Free-Flyer. This system had

overall preference in all the evaluation criteria except

reliability to that of the Manned Free-Flyer. The manned

free flyer had greater reliability due to the fact that it is
, r. ' , %

currently flying and has been proven reliable (MMU). S

However, the other evaluation criteria, especially safety,

all had an unmanned free-flyer as the preferred system.

The long range category proved to be the area where the

real strength of AHP showed itself. Here, the Space Shuttl(.,

Orbital Maneuvering Vehicle (OMV), and Crew Emergency Retur".

Vehicle (CERV) were all compared. The comparisons showed

that each vehicle had areas where it was preferred over the -

other vehicles. For example, it was felt by the Ns_

technical advisors, that the CERV was the most availible (if

the vehicles. The calculated normalized geometric preference,

means for each vehicle by evaluation criter ia ace cwiven in

Table VII. These calculations show which generic -. y,. ttem type-

is preferred for each evaluation ciriteria. Again, the.

preference- ratings were? sceznar in independeknt.

5 3

.................................
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TABLE VII .l....

LONG RANGE GENERIC SYSTEM TYPLS
PREFERENCE RATINGS

Generic Evaluation Criteria . - ' I

System Type S RT R A M

CERV 0.09 0.13 0.14 0.51 0.39
OMV 0.65 0.77 0.28 0.43 0.61
STS 0.26 0.10 0.58 0.06 0.10

NOTE: S=Safety, RT=Response Time, FR-Reliability,
A=AvaiiabiIi ty, M=MaintainabiI i ty

- ..

These preference ratings were then used in the wc-ighting ... %

function to generate an overall rating fur each long rangq-

*-. generic system type. This calculation was done by stimmin -. '.-

the product of the individual evaluation criteria weights arid .

preference ratings for each generic system. For example, '

CERV had an overall rating of 0.1864 ((0.337*0.09) ,

(0.14210.13) i (0.257*0.14) 4- (0.168*0.51) + (0.Y9K0 i'(?)

0.164). The overIll ratings for each long range gceeref I

system type indicated that the OMV was the preferred

direction for a long range generic solution type. ihi?

overall ratings for each s.,ystem are provided in Table VII I.

TABLE VIII

6UVERALL RATINGS FOR LONG PINGF GFNEPRIP F'T I M' 3'

Ss- t(m Hat i TUi,.

.% N
UMYT 0. 16 ', -- r

0M%. 0~ .. '5 5

STS0 i 664 'a.
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This analysi-; ha-, providied the direction ad5 tcr whi, h

rwerir ic s ytern type-, appear- best sui ted to solve the ipro 1u (,;n,

of VA r-e 3t-,u ndequpmet recovery. I t ha's sho t hait

for a near- r -ITCje repscue/recovery, bo th an EVA' %ep If fe' kl, -ITn I

aI Fpatre S ta t ion ,uppnr- ted type- system are prpf -r-rred. IVhr

ani y-, i s h--_ shown tha t f or- a med i urn r anje r -,,c tic'/ r- t-'cnv-r ,

anT 11ll1Tmanli-T1 I fr Cc'- f I yer i s the pr e for red syc, t em . Fl I IC) 5)j

anqe, r- c"-it/rec oviiry , the anialysis hais s howni that hLhc' [M.Y~ i'-.

the pefer re-ytm- Thu-, th -iections to 'he -

q)vi-tiga t e i h ia ve b een-r d etLr m in ed.,.

The next step in this anal ys i-s woulId he to fni m a

comprehensive r-escue/recovery systemr usinql elements of c'air

of thce gener ic system types. A comprehens ive i-esc e/i c-co,tn v

yS tern would thcrefore be made up of nne of the [ nos-fF."

Sf if RpesCue csystems, plus one of the pi oposed Spaceu Sta-t ()I'

r uor DTed s-ys tems ) , PIL- OTIP oeOf the PrOpo-A 'dutmr'dfro

f I yer sIys tern, Lind f inalI I y the FJMY. Tht- ';e cotnpr eht 'n i V(-

r eri/re o~ver y systm- Io 1(I then be ex<am i nedc in 11 i C11 t o

the- evalIua t I On) Fc tr1 1.3 and an ovucril I besLF? t " i c5 u,/ Y otuv- 't -

unitfrl 'ol I r he- dfetr'rmli nel 01Put, the're are ntimer otP

vih I ine ton hfe cnxtmi r-'dl In- fat t , w It th Us( f I' YY'( VI t

i.i(i thi/ nii ,( ('1' t i if',F'It 4 i~i SY, t~itjotii ), lf 1,hil (INV t ho r ,

'Ih t I' n(ob. i ii t i tur is ol I inp cm o0' m 1) r rs ii 't, ni O vr y fy',it'v

Whit h Ili hf- qni 'i at't [lit- n~v'lil'tt Loll i1 h 1't I'iT I~' a



number of rt-z ciie/ recovory .y--tcm-. is be-yond thf- Wcp I !0

the~,s.Huwevi-r , an exam indt i on of the var i uw7 c mty i(- t Lr

proposed - ltin is tncludf~d in A~ppendix D-

%

'y %
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V. Example Rescue/Re-covtjry_-: y tern %

The analysis previoiisly presented shows the diruction to

take in thc, rescue of EVA crewmembers and the recovery of

detached and adrift equipment from the space station. Thp

direction has been in the form of determining the prLeferred

generic system type for each of the range categoriLs. B

combinini-g these preferred generic- system types, a S

comprehensive rescue/recovery system for the problems can he(

generated. If carefully constructed, this sys tem will al1low

the individual generic system types to complement each othey

and provide an integrated systems approach to solvinig the

problem-, of EVcn crew rescue and equipment recovery. This

section of the thesis will examine one s:uch system to p-rvide

an PXaMrle0 and to show the synergistic effects of this,

systems approach.

EMaSi c 1nnf i qtlra tion

The bas ic conf igurat ion of the, example reri/eo~y

sysem on-si s t of four subsystems. These subs~ystems -TE L he 6

E xtravehiculIar Mobility Unit (ELMU ) w ith 31? tpic k, a i ehr

hook / rE'ovc-ry ne~t :ub-,ycstem, the FVO~ Re tr i ever, ind thfe 5110T t

Range, Vth i r: I c ( 5RV) modul I f tc F L r h i t i Mair)(1v'1 iv !)(I

I 031' u(-/1 (' oh j'c tc wh ic h to tac I umn ho er. at

% P

b-2; J

ThU u wth t'tId~k cl~ thE .l~t~l~rII OOI/i 0 O\IT
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subsy-steris are desiqned for short range operationS. TeF(

Retriever will work the medium range operations. Th1e S ~R 1

will operate in the long range. However, all these
%p - '

subsystems are responsive in nature; they only operatp wheii .0%

something has become detached from the space stationi. (\ 0

responsive system, such as the one Outlined above, ha-, its'

merits, but a responsive system is not the total ans3wer- tc,6o

the problems of EVA~ crew rescue and equipment rP(rove-y. T e

rescue/recovery system must also have a preventive sse

which will limit the possibil ities of objects becominrj

detached from the space station in the first place.

Such a preventive system is already in placL' on thi-

space s-huttle. It calls for the tethering of all ohjeLLt;

(equipment and crewmen) at all times and requires that thi,

emphasis on tethnring be an important part of EVA~ cr-ew-

training (37). Although history hasi shown that ti

preventive system will not eliminate the problems of

equipment floating away, it is at least a step ill reCoC--n1iziny~

the problem. Therefore, this preventive sys-tem will hoL

assumed to he-- a partL of the (examp Ie res-cue/re-ovnr1y ;'; tum~

for the spare, stati on. With th- pr event ive s~ystem now i

p1I ace, the res: pon-,i ve syst em can be exim i n(-dA

A*N-%.

The re-Spruntiv e nct ion of the, (xarnpltn reazo/ (i'(Il Y%

sys te CMCal IS fu0r Lwn) r-rrd~t'su t r aiqt,%L:Ir
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systems are the EMU with jetpack subsystem for EYA self

rescue and the shepherd's hook/recovery net subsystem fov

assisting with EVA rescue and for recovering adrift .. '-.-.

equipment. Both of these subsystems are designed to work a ,.m "

short distance from the space station (less than 100 ft) and

to deal with- objects which slowly float away from the pac..

stat ion.

Extravehicular Mobility Unit (EM!J) with Jetpack. Th;'.

EVA self rescue system is a basic EMU which has been modifil

to include a single flight mini-jetpack (see Figure 12) %

This jetpack, using a cold gas system (rechargeable), i, .

designed as a small scale self-contained maneuver ir u2it-

However, it is designed to accomplish the following o, i

single flight basis: 1) automatiL attitude _tabillzatiori t,

stop EVA crpwmember tumble, 2) directed pitch, yaw, antJ ro111 1. "

to orientate the astronaut towards the space station (vi ,

activated command system) , and D) small thr W tings tr ti,

system to direct the astronaut back to the space st atLin.

The amount of thrust (delta velocity) this system ha-, is"

limited. The system should be designed to ,cCompli-h a 'A'l f

rescue for thr scencir ia which is felt to be the mis, t l ikel .y

of all the EVA res>Ecul- 7retnaros. ihis ecieriai io is that o, 4- , .

coperative astronaut departing at a relatively slw f ate,"-

lt) . Therefore, this EVA -elf es tCUL _Ubs'yst'm 1,' di'.

to accomplish a rescue for sceriar iou when the iriitil,

dlepay L inq j velocity is le' ,111 th P j f t/L m--

5 ? ." 1' % -

J0

." - ."
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anytime rescue is required (even when the initial dcepartg .. '.

velocity is greater than 2 ft/,sec) to support the rescAI,

attempts by the other subsystems of the rescue/rccovery

system. For example, if the departing velocity is greater %

than the subsystem's designed criteria, the activation of

this self rescue subsystem would slow that initial departing P? -d"

velocity and stabilize the attitude of the astronautJ. .

requiring rescue. These actions would 'buy time' for the,

rescue by other subsystems of the overa I I rescue/reLove y % %

system. This action would increase the probability of %

successfully accomplishing the rescue.

The EMU with jetpack is an example of a subs-ystem which

can be used for EVA crew rescue. lowever , thi, example.'

rescue/recovery system also addresses the problem of

equipment recovery. The short range subsystem for thi,-.

mission is the Shepherds' Hook/Recovery Net. % % e

%

Shepherds' Hook/Recovey Net. This ,ubsystem is t,,.-

-_y Nc-A . -T is -,h ,",,em-i".-'hi

space station supported subsyst(-m of the r escuo /recovt,,ry

system. It is basically an ex tedabIe pole with a lw ,i,'

hook OrI One sid( - nd a captore ne t On thlE., (it her s i Ie ( ' .: -.

F gur e 13). This subsys tem i s de=Ysitncd ( t h be matyiiil I.

operated by an l-V a-,tronaut to (,i the n tue I IIIT•

c-quipn 'riL orI to i''i- t i the I (-'CM, of a1MI It' io A

The C)';';thLem ran eItr h ,i m ru ,/l y E.,xtinr ,ti n It,' .txt -l ,

% %

. .
" , " , .' . - .b " " "- . o f - -. - d g "- " "-" - "- " t . - .- " - - . . -- " -" . - . - -
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the head of the unit. The unit is restrained by tothei e

which are designed to allow the extended pole to sl ide w th n
0

the restraints. This is done by attaching the tether to a "I ON

ring which encircles the pole and allows the pole to slide to

a stop point. The shepherds' hook is designed to allow a

drifting astronaut to grasp it or to encircle a

noncooperative astronaut. The hook also serves as a mass"

offset for the recovery net section of the unit. The

recovery net will capture floating objects through the use UT

an electrically activated door which closes the net around - -

the object. This capture limits the possibilitie- of c3jccts 0

houncing out of the net and departing in a new dire-tion.

Because this space station supported subsystem is IV(.

crew operated, it could best be utilized if positioned i T)

areas where EVA activity is planned. This will facilitate a .. ',

quick reaction time for the subsystem. In fact, i t may hO

wise to have several of these -,ubsystems placed in sti ategi

locations throughout the space station in order to iricrea' -

the chances' of successful y r-ecover inq oh ject's which hCul.,

loose., lowever , due to this subsystem', 1i i tel r an(,(-, , -

medium range sy-.tem must also he employed. "-

N %

- . P
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Medium Ranqe Subsystem.

The medium range subsystem for the rescue/recovery

system is the EVA Retriever with slight modificaticTns. Th'.

EVA Retriever is a current NASA program which has been .-. J

developed by Johnson Space Center to fulfill the space

station's requirements for an EVA rescue system (22:5). This.

subsystem consists of a highly autonomous robot, complete .

with grappling devices which uses the Mained Maneuvering Unit

(MMU) as a propulsion unit (Figure 14). Simulations done it ..

the Martin Marietta Space Operations Siimulator have shown

A ~A
that the MMU has 'he capability to perform rescue operationls

of adrift EVA crewmembers (31:11). The EVA Retriever extend-,

this MMU capability into the robotics domain. As such, the

EVA Retriever is controlled through a man-in-the-loop

process, but has a built-in capacity to acquire and track

drifting objects. A modification to this NASA program is th z

addition of a capture net (similar to the one on the S

shepherds' hook/recovery net subsystem) to be used to recove-

." drifting equipment. This addition would make the subsys1::t'm.

more versatile. This versatility is also seen in it's S

concept of operatiors-.

TL c TIoncept of o perations for the EVA Rt trever i al, -a I

for the, tini t to be- on starid-by durinq all EVA OUpU atiorn,. _0

hbi-, al l ow,, for immed ia-teu r esp onse,- i th e oven t o f

rec U uu/rcovvry cootin cjnncy (22:5) h -This cor)( ept of

Operat ion,, woll1d he mc)dified f-I the examp l, 1 (, l r()vi y ,('.1Y

0



system by calling for the immediate activation of th~e %~*tm -

in cases of EVA rescue and by having only selective Aazb

activation in the cases of equipment requirin~g recovery, _. '-

Immediate activation in the case of EVA rescue is required t! -

because of the value of human life, both in the humanitarian

and political sense (3). This immediate activation would! ...

allow the EVA Retriever to serve as a back-up to the shoi-t 'E

range subsystems of the rescue/recovery system. If these

4%.~

short range subsystems fail to perform the rescue, the FVA - ":

Retriever would then be in a position to attempt the LS i .,"" "

In the case of selective activation, the EVA Retriever ,NOUld .

be deployed only in those cases where the equipment to) be c, ' ' . m

'Jh~

- %-

inecavee see of grerse a byvlne onlyparsleactivet> / . ..

bec lcause e tau of hman] lift, th inphe humainitai

Additionally, this selective activation would only occur 'r%,

after the short range subsystems fail in their attempts at ,.

recovery. The back-up to the EVA Retriever is the lhorn anqe

subsystem of this example rescue/recovery system. .f the-'

6 5

65 ~,° -. '
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* EVA RETRIEVER
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STATUS
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COMAND % '

FAR-RANG

Th Flog. r4 duange subsystem (22xmp1:61)O/P~vh

s5ystem is, fthe Orbital Maneuvering Vehicle (0MV).

Sp cici f ic a IIy , t he ShIio rt R anger- V e- h icIc (S5RV ) mnd~l r)(Iu W thIe t1V

(Pee F Iu LII e 15) This- modu I e of the unma flood *reiea n m

remneU-'y oIPra ted OMV i- des I g1lErl topacrti' nt;** -

-r kt r i v, *i r i bcr tht p iylod I n G s . ,pI ce P 74) The, tU~ I.- Ut

a ~ ~~ i two Iar I. on ontr(A t;y,tums will havu tL' oed ij
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up to a 700 f t/sec deIla velIoc ity change wh ich can bei- use d to

capture a 10001b object and return this object to the nam

station (27:6). This large potential delta velocity and the . .

two reaction control systems (Hydrazine for large delta %-

velocity changes- and the non-contaminating cold gai ystem

for close maneuvering) make this vehicle ideal for thce

rescue/recovery operaLions of objects detached from the i picce

station. In fact, the ability of this vehiclce to futwovur

vi. v

objects has had attention at MarshallI Fl ight CLenter , vheve

NA~SA is designing a oiiainktto the SRV whirti i',

specif ical ly designed to recover drif ting orbi tal debr i-,

(27:9). Because of these capabilities, the SRV modIule cuf Lhie

OMV is the long range s:ubsystem of this example

rescue/recovery system.

The concept of operations for the SRV WoULld ver-y rnu _h %

follow the same lines as it was for the EVA~ Reatriever . Thr,

SRV would be immediately activated for- EVA( creOW Trencur

operations, and would be selectively acti\'ated for equipmenit

recovery op"rationsa. Again, this long ranije 3uhystuam wotld

serve acs the back-up to the short and mudium range nby ei

of thisi e-xample rescue-/recovery s'ystem.%

% 01
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SHOPT RANGE VEHICLE MODULE 5

of the
ORBITA~L 1NEu-VEP:NG VEHICLE

VIEWING TV
CAMAERA AND

RCS MODULES FLOOD LIGHTS
(4 ORUS)

REDUNDAN4T 6 OOF f
THRUSTERS(,

OMANIFOLDED SOLAR
HYDRAZINE ARRA
TANKS7ARA

OCUL DGAS
TANKSa

STS TRUNNIONS..

RADAR
ANTENNA

6

TUNNEL FOR

-i g. 15. Long Range Suh -yst Ern (P7: 1i)

The exampl1e re ~cia/rerovc-ry u'Y tPRn III't'd.~uL

provide', for a laye'rEd -system,, appro~ach to thc' pr ulJi,
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range category. However, they can also operate cioser tu the.

space station. This flexibility allows all the subsy3tevi to N

complement and assist each other in any rescue/recovery .

operations. This example rescue/recovery system shows the

value of a systems approach to solving the prohlems of FV' -

crew rescue and recovery of detached and adrift equipmoenL ..- o

from the space station. With the presentation of thi,.

example rescue/recovery system complete, the concluuion,-

recommenTdations, and issues found during the development f - .

this thesis can now be presented. , J,
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V I Conclusioyis, R commend at i nns. (N-d -,e

This chap ter presents the conc 1 us ions ., r ecommend~it 1 ion',,

and issues which were generated during the developmenlt of ~d

this thesis. The conclusions are drawn from the work donie in 1

NOthe thesis. The recommendations are spvera 1 areasv wh i h .

require further examination. The issues- are dsssosof

outstanding areas of concern which relate dii elly to t!-e-

problem-, of EV(O crew rescue and recovery of detaiched ,rid

adrif t equipment from the space station, but, ii p u', the

scope of this thesis.

1%.

Conc. lus i ons.

The coiiclusions of this thesis deail wi th the prce -,rld

res5ults of the work. Specifically, the methodolOgy' used'( lild

the reutnf the analysis are the areas, of key iinter rst.

The methodology us ed in th is- anlalys I'S 11 cou ltd I~~

t -Ch11n Ioe L4L - I t used both concep t mapp ing (bsrily

teach ingi toolI) and the, O'nalyt ic Hierarchy Pi oc. -Ai th ii !.1'

[Ha 1I Morpho logy of Syste-ms, Unq i nee-r irl(J. JIsntuaIt(

pro-vedc to he: qui tf easy to uniders-tand cind us -,k [Vrr 'ept

mapp ivrg wa, tilt) 1key to the who Iem toole] 1 1 1 t.,

C,1pture the'Iy ipr t anTt Cnce1ts, f~ t the'Ir fat( et., .11d

i r rlt I t iJ i 1), , ivn t) hr, t Ii ki.,y t: < tw

1) TOh Icmf', .111( d st uT LUTI r1g theI ilalys s Io Lb I V T tIs t '

pr (A)rIr(, 1tiit vr'r y m~ti ti i T t Lhr) ri 1 o i t i rI t.- 1  
li'-rlI]aB i')t'
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,itage, concept mappincl proved to be a useful tool inl

gathering a comprehensive understanding of the problem. Ti

tool served as the backbone for the rest of the anailysis , '11

that the evaluation criteria and breakdown of sy--tem types,

were directly derived from it. Therefore, one of the

conclusion-i from this thesis is that the methodology,

especially concept mapping, is a powerful techniqtie to ue if,

def ining the direction to take for problems wh ich we c tw,-

in the concept development stage.

The second con- lusi on of th i s thes is deals - w ith th-

results of the analysis itself and with the direc tion to) he

*taken in the oltin to the problems of EVA :-rew Tres-cue ai-L

recovery of equipment which becomes detached aId czdTr i ft fl U111

the s-pice station. Specifically, the conclusilon is, that

there isno one devicce which will solve those problems.- J

Ra thcor thcese probl1ems can only he s~olved through a sy t(m-.

Pneng riri1ncj approach whcere Seve-ral sub1syste-ms Ccn tr ib hoi t,)a

the ovey II I solIu tion. These subsystem-,su evu to clomp eno ant

alnd hIc k Up3 each o ther in order to i ncre-ase theI pr (Iltiht 1 I i L,

o f suiccesfulI I y ac compIis-h ing a1 resu Or -U- 0 c V/ Ih PC -V

recumn(nerlde d system from1T this, anlssc Oni-As Of 'n si1If f

I es-cue, I7,h-y-stem.) a3 spa tation su;Lppor t(dsi ',tro

unmanne C (II( III, Fo , , yer '1 su sP t m a1d the UMP I I vi .01111P~'' I i C)), -A I
. %

U (1 1(1' i ( 1it li'j is tFo ' t r1 I, - o v i (iI (- I t ihI lLi~~f (oo ni L 1. 1 1)

of rY(O cI owLI i rs1ud Psji1Ihime)(nt I PCOVi- Y.
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Recommenrd at ion,;.

There arc- three areas where further analysi, is,

recommenrde:d. The first has to do with this thesis, effoi t.- A

i tselIf . The other two areas relate to subjects whose-

analysis is required as follow-on efforts to this heis

The first recommendation is that this thesis effort, -

being a first Cut analysis, should be part of an iterativc,

analIysi S. Specifically, this iterative analysis sol
10*?~

4,concentrate on the concept map. This iterative review shoau I. d

be accomplished to better dcvelop a corfic!ate unders7.taildin%

of the problem and to better define the evaluation cra Wria_

The results of this iterative analysis may well point to I

specific solution system to the problems, rather than to ju',t -

indicate the path to take toward that solution.

A dditionally, this iterative analysis should take Into%

account the results of the two complementary i ,a-- wheA?

further analysis is recommended.-

The first of these complementary areas is that of

analyzing the necessity o-f a long ranye subsystem for the ,

rescue/ reco very 'yten-This- analysis sueks an an~;rto t h o

CIuest ion 'doe~s the incorporation of a long rangesbyte

.444.ar'd enough Value to the COMpre-chens-ive, rec rc. vpr y sys tt:ii '..

to war rant i ts xpns? Inc luded in this analys ic are 0

cZon-,i dpra t i (ns abOut the 11Y Oh.3b I I I t i' o- nf 'iheI sturt L ri * 1
~%

%J %
ctied I Lim rinqge subs-ysteMs fail1 i ng , the, pr obah i I i Ly oiF the, I og ,.. j %

range subsh ystem s-reePdij lug, 11d tHI( ovelalI. t II()f f'.t10 I '
% 1 '.

"' %



long range subsystem. Included in this analysis should he n

S~ % ".**~,

investigation of the worth of the medium range skibsystem. t

This analysis should answer the question of "can the medium

range subsystem be replaced by a more capable (and more

expensive) long range subsystem?" The answers to this

complementary analysis may well limit the number of

rescue/recovery systems which need to be examined.

The other complementary analysis to this thesis deals,
. % %

with the rescue/recovery systems configuration during the . -

construction of the space station. One of the commerit,, ... %,%

received as feedback to the comprehensive concept map

indicated that the space shuttle would be available for

rescue/recovery operations during the construction Of the

space station (36). Indeed, the space shuttle will be S

present during the construction, but availability for

rescue/recovery operations may well be' another issue. The

shuttle could be tied up in the construct ion of the sipace S

station to the point where its response time wJnild make it ai

unusable option. Therefore, this complement-ary aralysis --

should address the rescue/recovery system,_, Croni i 'iration .

dtiring the construction of the sJp,ace station and how thiis'"

configu.ration won ld change when the spare station hf come,

opera t i ona1 (i t may he possib1e tI deP i gn one re, Csue/rem oe, , U'.y

•,ystem to be used dur i nij both the, c)ns tru t ion ard thc ,.. C
.% % -

operations phase of the space station) ,

7,1 5". , .
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These recommende-d complementary analyses wi lI help

further examine the topics of this thesis. However, the_-re

are issues which require examination that are beyond the % ,% f

scope of this thesis, but still ontribute to the solution u-

~~the problems of EVA crew rescue and equipment recove~ry. __

There are two major issues which are beyond thle s:copu. olf

this thesis, but still require examination. These ise, _. '-/

are: 1) how to make the decision to recover adrift equipm2nt,

anti 2) when to use or not use a manned free-flyer (like the S

MMU) for rescue/recovery operations if such a system ic'""

readily available.

The first issue deals with the basic question of when to r

recover adrift equipment. If the decision is that all lous %..%

equipment must be recovered, then this issue becomes a mootL

point. But, if only selective equipment is worthy of

recovery, then on what criteria will the decision be madp?

Obviously, the value of the equipment (both cost and ease Uf

replacement) and the departing trajectory of the object will •

play a role in the examination of this issue. However, th,-

value of the equlpment Mrd the costs as1ociated wi Lh a

rerCovrry attempt also nreed to be exami nd. .

The sc.c nrid issc dn l caI ws w ti t th a of a niiied Ci

flyer ( I ike the MMU) to perfoy m r es{-u,:C/r ecovery opera I.i lec, -

r|i-i tt'sis has :oncluded that the preferred (firet ( t in te t '-(.

7 7
".. .C"e, , 1..1
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taken is toward an unmanned free-flyer. However, manned

free-flyers will be present at the space station. (Currenth

planning calls for the space station to be configured with at

least one next generation MMU (15:4-33).) This free-flyer

may be in use when a rescue/recovery opportunity presents

itself. This issue wrestles with the decision to use or not

use a manned free-flyer for rescue/recovery operations. It

seems apparent that if a manned free-flyer is in use, it

could be used for a rescue or recovery, but there appear to

be limits to its use. Obvious limits are the pilot's

consumables and the amount of fuel in the free-flyer. These

limits change as the EVA progresses. Therefore, it seems

that there are time frames when a manned free-flyer could be

used -for rescue/recovery operations and there are also time •

frames when no matter what the object requiring

rescue/recovery is (another astronaut or piece of equipment) -

a manned free-flyer will not be used because it jeopardizes 0

the pilot's safety. This is another of the issues which

requires examination in order to fully understand the

problems of EVA crew rescue and equipment recovry. -0-

Summalr-y. %

li Lhe-,is, hac, helped an-swe-r scve-Vel 1qlIPst xis. I L I-I
providedt the direction to be taken in solving the, pr iblulumrn tii

EVA C1rew rescue and equipment r-eCOvery. I t ha I I so s-J ,iL- I I

meth do logy which caran be used in the ,ystems ,nrir, i o-
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problems during their concept development stage. But, thi] ,

thesis has also asked questions. It asks questions and

recommends further study in the areas of iterating the"

analysis, determining the value of both the long range and . .

medium range subsystems, and identifying the changing

rescue/recovery system from the construction to the

operations of the space station. This thesis also asks far %

reaching questions as to the decisions to recover adrift

equipment and to the use of a manned free-flyer in

rescue/recovery operations. The problems of EVA crew r-esncue

e.
and recovery of detached and adrift equipment from tht' _ pa(c

station are complex. Hopefully this thesis has shed some- .

light on them. '- -

.. A .. . .
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A'~ Initial Pre-Concept Map Sui vc'i.%

e*,
NOTE: The purpose of this survey was to facus thus

at tent ion of the persons to be concept (napped into the art-as

of EVA crew rescue and recovery of detached and adr-iftAP-

equipment. -The results of this survey are informational tu

the perception of the problems, but do not affect the

analysis performed.

-6~ .- .~
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NAME:

S ~EVA Crew Rescue . ~
and

Retrieval of Detached and Adrift Equipment

Initial Survey%%

IP The purpose of this survey is to determine the

reltioshis btwen te poblmsof EVA Crew Rescuean
Retrieval of Detached and Adrift Equipment from the Spac -,
Stat ion.

Impprtance:

Which problem do you feel is the most important? a) EVA1 Crav4

Rescue b) Retrieval of detached and adrift equipment.

Indicate on the scale below the relative importance between
these two problems.

EVA Crew Retrieval of
Rescue 8 6 4t 2 0 2 4+ 6 8 Detached and

~ w ~w ~ w~ ~ Adrift Equipment
Li L I U U1 1 I Q I

a (U U~ U U (U (U U ra

.4~ 4~ 4.) 4+> .4P 40 4j -P -P ..

00 0 0 0 0 0 0 0
o. aL 0a aL . o- aL aL C
5 E E E - E E E E

0) o' oTI -4 -Y CD on %41 C c rd MU (U C r- p'
1 0 0 a1 1 01 0 0 :1
o -A 4. jj -P 0
ILn Ur) Wr w U) in
10 .0

ProbabilityfOcurn:

b _yN
Which problem is more likely to occur? a) EVA Crew Rescuu~
b) retrieval of detached and adrift equipment

oil,
How much more likely is this problem to occur as opposed to4
the least likely problem? a) Very much more likely b) Much
more likely c) More likely 4 .

7 2



Relationsh ips: . .. *,

Indicate which statement you most agree with: 
* 'h"%"

a) The problems of EVA Crew rescue and retrieval 
of ""."-'

detached and adrift equipment are two separate unrelated

probIems..

b) The problem of EVA Crew Rescue is a subset of the *

problem of retrieval of detached and adrift equipment.

c) The problem of Retrieval of detached and adrift
equipment is a subset of the problem of EVA Crew Rescue.

Do you feel that one system can be used to solve both .

problems? a) yes b) no

If you feel one system can be used to solve both problems, , ,.

which problem would you concentrate your efforts on? a) EVA
Crew Rescue b) Retrieval of detached and adrift equipment

Comments:

Z e

-.. P,'-.-.
p0

[ •r ,
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13. Analytical Hierarchy Process Survey,

NOTE- The purpose of this survey was to obtain feedthdLkq 7

on the Consolidated Concept Map and to obtain the pairwine

comparisons for the evaluation criteria to be used in the

weighing function of the analysis.

%

:%

E30.-
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EVA Crew Rescue and Retrieval of Detached
and Adrift Equipment Concept Map and AHP Survey I,-.-

Part 1: Consolidated Concept Map

Purpose: The purpose of this section of the survey is to ,
obtain your feedback on the consolidated concept map. This
map was generated by consolidating all the concept maps
obtained during the interviews of .-11 July 1967.

Feedback Process: The consolidated concept map is divided P
into three sections: Problem Definition, Value System Design,
and System Synthesis. These three sections are actually the
first three steps in solving any problem: first you identify
the problem, then determine the key drivers of the problem,
and finally develop alternate solutions to the problem. I
request that you look at this consolidated concept map in
that light and determine if the map "captures" the problem.

Feel free to make any corrections, additions, or subtractions
to this map as you see fit (you may write on it to your 0

heart's content). -

Additionally, I would be interested in any comments you
have about the technique of concept mapping in general. Do
you feel it is a valuable technique (it helps capture the '--.

problem) or is it just BS? I have provided space for your 0
comments below.

"P, Comments: * ' -

,i<i'. .'
V.
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EVA Crew Rescue and Retrieval of Detached
and Adrift Equipment Concept Map and AHP Survey J,

Part 2: Attribute Assessments

Purpose: The purpose of this section of the survey is to
obtain your assessment and prioritization of selected system
attributes. These attributes were generated directly from
the consolidated concept map and will be used to evaluate the
various candidate rescue/retrieval systems which help solve
the problem.

Survey Process: This part of the survey is based on the
Analytical Hierarchy Process (AHP) developed by Thomas L.
Saaty. This process solicits a preference choice between S
paired attributes and builds these choices into an overall
attribute weighting function.

Your involvement in AHP is to rate given pairs of
attributes according to a provided scale (see Table IX).
These attributes will be rated according to the importance of
the first attribute to the second attribute in solving the
problem of EVA crew rescue of equipment retrieval.

If you feel the first element in a pair (Attribute A) is
more important than the second element (Attribute B), then a
positive number from the scale should be used. Conversely,
if you feel the first element (Attribute A) is less important
than the second element (Attribute B), then a negative number
from the scale should be used. To illustrate this rating
system, I have included the following example which deals.
with the problem of making pop corn.

Suppose you are asked to rate the importance

V of good quality pop corn (Attribute A) to that of
a constant source of heat (Attribute B) in the ma

of pop corn. If you feel the Attribute A (the , .
of the corn) is favored very strongly over A'tr2
(the constant heat source) in the proces- of .z;

corn, then you would assign a value of ±7 t. 11

pairwise comparison. However, if you fcz "
Attribute B (the constant heat source) i-
more important than Attribute A (tF- - A
corn) in the process of popping ccri.
assign a value of -3 to that Vpaic,:

Remember the following rule:
If Attribute A is more i

positive numbers. But if rAtt
* Attribute A, use negativ, '

vz,,'..--,i ".-.?-',. ,
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TABLE IX 

AHP COMPARISON SCALE

Numerical Rating Definition Explanation .

Equal importance Two attributes
contribute equally

to the objective

3 Weak importance Experience and
of one over judgement slightly %.%

another favor one '
attribute over
the other

5 Essential or Experience and -

strong judgement strongly
importance favor one

attribute over ____

the other

7 Very strong or An attribute is
demonstrated favored very

importance strongly over"%%
another; its
dominance has 0

been demonstrated

9 Absolute Evidence favoring

importance one attribute over
another is of A

highest possible S -

order %

2,4,6,8 Intermediate When compromise

values is needed

0

86 , .
*** , ,*pv
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Additionally, these pairwise comparisons are independent P..

of each other. The ratings of one pairwise comparison should

not influence the ratings of the next pairwise comparison.

The question to be answered in doing these pairwise V

comparisons is: Given the objective of finding the best way
to rescue EVA crewmembers and/or retrieve detached and adrift
equipment from the space station, how much more strongly does

Attribute A influence the selection of a Rescue/Retrieval

System than does Attribute B ?

Attribute Definitions:

Safety: This attribute is difficult to define.
However, in this case we shall consider it to be the freedom

the Rescue/Retrieval System provides from making the
situation worse or from endangering other crewmembers. For

example, we might say that a system has a 98% chance of not

making the situation worse.

Response Time: This attribute is the time it takes tor

the system to detect the separation of an object and begin

the physical process of returning or rendering the object

"safe." In the case of a free-flyer, response time is the
time from object separation from the space station to the

Rescue/Retrieval systems separation from the space station.

Reliability: This attribute is defined as the p-.

probability that the Rescue/Retrieval system will

successfully perform its' basic function of reaching the

object (or having the object reach it) and return the object
to the space station or render the object "safe" (meaning it .*

will not pose a threat to the space station). 0

. NAvailability: This attribut_ is the accessibility of

the system and its' being usable when needed. For ex:ample,
if the system is required to be available 90% of the tims,:-
then it can be "down" for repairs 10% of the time. The trick
is to insure that the system is not "down" when needed. S -

*% . . %.% ."

Maintainability: This5 attributL, is a measure of the

serviceability of the Rescue/Retrieval system. It is .

traditionally a measurement of the time it sakes to repair or
service the system.

, %"% %"'.

•. ..' .'..
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Pairwise Comparison: i iRemember: i

- Use the scale found in Table I S J
- If Attribute A is more important than Attribute B
use positive number .

- If Attribute B is more important than Attribute A
use a negative number

- The key question is: Given the objective of
finding the best way to rescue EVA Crewmembers and/or
retrieve detached and adrift equipment from the space
station, HOW MUCH MORE STRONGLY DOES ATTRIBUTE A INFLUENCE .- I
THE SELECTION OF A RESCUE/RETRIEVAL SYSTEM THAN DOES
ATTRIBUTE B ?

Survey Itself:

ATTRIBUTE A ATTRIBUTE B RATING

Safety Response Time ,

Safety Reliability

Safety Availability "

Safety Maintainability
-. "*%

Response Time Reliability

Response Time Availability

Response Time Maintainability

Reliability Availability

Reliability Maintainability

Availability Maintainability -7-77-

D Check this box if you would like a S
copy of this thesis sent to you. It
will be available in Januarv 1983.

THANK YOU I

e s - *-

° 0



C. Survey Results.

The results of the AHP Attribute Assessment Survey ar'

provided below. The geometric mean was calculated on the r aw

data to develop the pairwise comparison matrix. For the

pairwise comparisons: S=Safety, RT=Response Time,

R=Reliability, A=Availability,and M=Maintainability.

TABLE X

SURVEY RESULTS

Pairwise Geometric t

Comparisons Raw Data Means

S-RT 1 7 3 -3 9 7 5 3.00 % % W

S - R -9 5 1 2 9 7 -3 1.56

S - A -7 5 1 4 9 7 3 2.46

S - M 9 6 1 6 9 7 5 5.19

RT - R -9 5 -3 3 1 -3 -3 0.67

RT - A -5 3 -3 5 1 -3 1 0.85

RT -M 7 5 -3 6 7 -3 3 2.42

R - A 1 1 1 4 1 5 5 1.93 %

R-M 9 7 1 6 7 5 5 4 .00
A-M 9 5 1 3 7 5 5 4.P1

n 1/n j
Geometric Mean = ( fT a, ) i=1,2,...,n

i=1

In AHP -7 1/7. Thus, for the raw data of 7,5,-3,6,7,

-3, and 3; the geometric mean is:

7 * 5 * (1/3) * 6 * 7 * (1/3) 3)1 -7 - 2.4P

090

A.J 89 ,~... .
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D. Review of Contractor Proposed Solution Systems

This appendix reviews the NASA provided contractor

proposed solution systems to the problems of EVA crew rescue

and equipment recovery. These proposed systems represent the

concept synthesis (brainstorming) section of the Hall

Morphology of Systems Engineering. Assuch, they are limited

in the technical description and they do not present a

systems engineering solution to the problem, but rather

individual subsystems which could be a portion of an overall %

rescue/recovery system. %

" '- -, N ."
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11 %
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Contractor Proposed Solution Systems'P.

Short Range Contractor Proposed Systems

Numerous contractor concepts were presented for short

range -escue operations. Many dealt with assisting EVA's

rather than with crew rescue or equipment recovery. These

were eliminated from consideration in this thesis.

Additionally, many of the contractor concepts were repetitive 0

ideas. A consolidated concept will be reviewed in these

cases. The short range systems can be broken down into EVA

Self Rescue Systems and Space System Supported Systems.

%

EVA Self Rescue Systems. These systems have an

astronaut who is floating away rescue himself. The

contractor proposed solution concepts are as follows. " £

%. %

Hand Held Propulsion Device. This devic-e is a

continuation of the hand held propulsion devices tested

during the Gemini and Skylab programs. The advantage. of % % P

this device are relatively low cost, but disadvantages,

include the devices difficulty to control, added bulk for EVA -

crewman, and a cooperative astronaut being required (21 : 11).

Portable Aeroso l Jet. This devic:s is ai aerosol

gas can which mounts on any structure and can have its'

nozzle positionis controlled by radio lin~k (18:3). Advaritage s y

are in low cost, but disadvantaq_,; ocr-ur in safety, %

reliability, arid ease of use (1R:23). 0
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Safety throw line/rescue line. These are -;y-stems

where the astronaut requiring rescue attempts to attach a.

line to the space station. Advantages are low cost.

Disadvantages are low reliability, safety, and ease of use

(18:23).

Telescope Pole Hook. This device uses a pole with

hook to grasp the space station. Then the astronaut

requiring rescue pulls himself in. The advantage and

disadvantages for this device are much the same as5 for the

safety throw line (18:23).

0

Space Station Supported System-. These are short. rangle%

systems which require someone other than the astronaut

requiring rescue to operate-. These contractor proposed

solution are as follows.%

Safety Net/EVA Net Enclosures. This system calls

for safety nets to be deployed around the area where EVA i,

to occur. While, these systems are low cost, and provide a

positive enclosure, they are difficult to install anid LOUld

complicate crew operations (21:10). However, for spec-i'l S

projects, like building a spacecraft in orbit for a martian

mission, these rnts may well prove of great value in reducing%%

lost items; and protecting the vehicle being built.

Redundant Tether s/iDoiib Ic Tethers. Th i', doic *

cal Is for the use of the tethers, redundant to the rrrvl

one, for [VA~ operat inns. This system has the advant.ig(:-, of

92p



positive capture, but disadvantages are in crew discomfort 'W6
%

and increased the time for connection and disconnection of

the system. Astronauts do not consider this an acceptable

system (21:10).

Boom Extender. This system is an extendable/

retractable boom structure which provides a means for EVA

crewmember stabilization for rescue (see Figure 16)

(19:5;18:4). The system has low safety and limited

flexibility (18:23).

S

.W

1BOOM' EXTENDER

Fig. 16. Boom Extender (19:3)

0 ON

Mobile Remote Manipulation System (MRMS). This %

system is the space station version of the successful space '.*-*

shuttle RMS. The system has the remote manipulator system

like the shuttle (for capture/grasping of object) but can

also transverse along the space station (Figure 17) (19:5). ,-'

Advantages are the systems safety, ease of use, and

9 3 % " " "
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dexterity. Disadvantages are the slow response time (18:23).

%, % %.

* .0

REMOTE MRMS ':-

0
WI

%

Fig. 17. MRMS (19:4)

Smart End Effector for MRMS. This system is an

automated robotic manipulation and service unit attached to -

the Remote Manipulator Arm (19:5). Although this system has .:% .

V~
the same range and response time limits as the MRMS. The

addition of the smart end effector does allow for the easier
,.. .-%

grasping of objects by the MRMS.

Net Ejector System. This is a rescue device which 0

propels a blanket netting towards a stranded EVA crewmember '0

allowing him to restrain himself to the netting as it is

retracted back to the space station (Figure 10) (19:5). The 0

:?i.-*. '-. "

0
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advantages of this system and its response time and

simplicity. However, it has problems in that it requires a 4

cooperative astronaut and that when the net hits the V

astronaut, it exerts an unpredictable force on the astronaut.

This force could well make the situation worse by propelling

the astronaut away from the space station or by causing

injury to the astronaut.

%%

Ir
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Disadvantages are that the drifting astronaut must grasp the

system and that the system has no capability to capture

drifting objects (18:23). .

% %~

SI . *r* ¥ w

% %.

Fig. 19. Rescue Tethered Unit (19:3) 0

Enclosed Cherry Picker. This system, attached to , - -

" .- -' .

the MRMS, provides a pressurized environment for- a crewmember

to operate the attached manipulator arms/ends effectors and ,..,

gloved hadmanipulative capability (Figure 20)(19:5). This %e%

ystem has the same maneuvering and range limitation cif the•
MRMS, but also the flexibility and dexterity of bein a

manned system.rTa

9 6 . .- w -

.'% ,,.%

w,',lr - "w- . "<gloved'= hand
"

-- " "---. .- = r ' . ," o ma ip l ti e ca a il t (Figure,.- 2.-) -,19:5. .- -mTi -s - _ .. ''" "-
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e cLOSED CHERRYPICKER

~~Fig. 20. Enclosed Cherry Picker (19:4)'.-"

Open Cherry Picker. This system is like the ', ., ""

enclosed cherry picker having the same manipulator arms and .. , .

being attached to the MRMS, but it is operated by an EVA -

astronaut (Figure 21)(19:5). The advantages and

disadvantages for this system are very much like the enclosed .-'sw '.

cherry picker system. However, this open system is less 0

complex because it does not need to provide a pressurized

environment.

P% 1Z N'
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Fig.~~~ ~ ~ ~ ~ ~ 21 pnCer ikr(94
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itsuncntollbFig y 21. Open CheryaPicker (19:4).
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Unmanned Free-Flyers. A 11 these systems use a roboti- 7 ."
system designed to perform rescue/recovery operations. A-S L

such many are similar to the EVA Retriever. Such sys;tems are e-% %.

the Generic Space Robot, and Astrobot (which will be examined

together).

Generic Space Robot and Astrobot plus EEU. These

robotic systems, have a robot driver mated to either the MMLJ

or Extravehicular Excursion Unit (EEU). (The EEU is

basically an updated version of the MMU which has greater

fuel capacity.) Both these robotic free-flyers come complete,

with grasping manipulator arms and remote control sen ;ors I

(television cameras). The difference between them is that

the Generic Space Robot also has provisions for an automatir-

center of mass compensator (this allows for more efficient 4

use of fuel). Figure 22 shows the basic configuratiorrs of
-N .-

these systems. Advantages of this type system are its

safety, quick response time, versatility, and mul tilp , •

mission applications (18:10). Disadvantages are their

€. Jo * '

limited ability to recover small drifting object-. .4...

,% -- .*
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eitherOT grasp th objectN wit a m ni ul to a m rav a

as r n ut rq ii ng re cu gs r bt anus hold onto8 it (21:10..

Th dataeserofoticVhehis system isissaeyand frelareot cl.
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0

large amount of usable propellant. Disadvantages are in its

limited applications in recovering drifting objects, and its

low reliability in recovering noncooperative astronauts.

ALU4MING LIGHT 121

14 PLACISI '01" %..

MULTI LAVER IN~tOATION .% .

0

% 1~'. %

% %
RESCUED -

ASTRONAUT -

COME MODUJLE IRIFI

MAXIPULAIOR ARM

V'..

TV LOS

Fig. 23. Telerobotic Vehicle (P0:9) 0

Prox-OpsZ-Vehicle. This vehicle, shown in FigureI

24, is a remotely controlled free-flyer which is des igned

101
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0

primarily to perform the satellite servicing function done at .e%-

the space station, however, it can also perform

0
rescue/recovery operations (19:2). This system has ..-.- 2

*p* *
• 

,

advantages of safety, quick response time, and

maneuverability. Its disadvantages are its high cost and low

reliability (18:23).

P. " .!

r '.r

PROX-OPS-VEH ICLE N

Fig. 24. Prox-Ops-Vehicle (19:1)

T%

I Free-Fly Independently Directed Excursion-Unit. .- O. 4- %

This is a tele-operated robotic system with smart front end

consisting of vidpn camera, manipulator arms, and the .....-

~processinq/analyzinc) necessary to carry out space ,-atiron EVA 'O

functions (See Figure 25) (19:2). This s5ystLem ha s tht, tamo,

102"
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advantages and disadvantages as do the Generic Space Robot

and Astrobot. Its only difference is that it does not use 0

the MMU or EEU as its propulsion unit.

FREE-FLY'~ IND PE DETL

A%
DIRE TED XCU SIONUNI

(FIDEU)

Fig.25.FreeFlyIndeendntlyDircte
Exurio Uni (19:1

Fig.n 2 Free-Fly Th nepeondnctly Dprectsed mane

systems are designed for rescue/recovery operations withinl 0

the prox-operations zone of the space station.

%Manned Maneuveringi Unit (MMU). This manned -lystem W. ,

consists of a self-contained backpack with all the noces-sary

systems to allow an EVA~ astronaut to fly untethzered in s pace

of a short distance from the space station or space ',htttle

(40:1). This system has been f lown on several s-pacf- s hittlt,
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IA4..p *



mission and is a proposed rescue/recovery system (19:2).

Flight experience and simulation results indicate that this

system can be used for an orbit rescue/recovery operations

(31:2). However, because this is a manned system, its use

does jeopardize an additional EVA astronaut and thus the

decision to use the MMU needs to be carefully thought out.

Figure 26 shows a representation of the MMU performing EVA,

crew rescue.

~.

J % •.

M •

Fig. 26. MMLJ EVA Crew R-, CLIe (31:6) 0

Extravehicular Excursion Unit (EEM). This manned

system is the next generation of the MMU. Its major chanoe

104
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0

%.~

is the greater fuel capacity it possesses (20:7). This

system (Figure 27) has the same advantages as the MMU except

that it can perform rescue/recovery operations at a greater

range. However, it also suffers the same disadvantages

(manned system and slow response time) (20:10).

I**w

S%

EXTRA VEHICULAR
EXCURSION UNIT

(EEU)

Fig. 27. Extravehicular Excursion Unit (19:1)

% 'k

Homing Unit Plus EEU. This system calls for a

caution and warning sensing unit to be attached to the FEUl.

This sensor would alert the EVA crewmember when he/s hp tntrs

a zone which is out of the rescue range of any of tht, -',i It

station supported rescue system (Figuire 2fl) (19:P).

Advantages of th is system are i ts l ow c o--t, relIiah i ityF
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maintainability, and serviceability. Disadvantages are that

it is only a warning devices not capable of actually

performing rescue (18:23).

%

HOMMING UNIT EEU

Fig. 28. Homing Unit Plus EEU (19:1)

Man-In-Can. This manned rescue/recovery system is

A
a detached version of the Enclosed Cherry Picker (see FigUre N ~

29). As such, it still provides the pressurized environment,

end effectors, and gloved hand manipulative capacity of Ihe-

cherry picker, hut also has propulsion units to providt- for

maneuIver ing around the space station (19:2). The advanLag~e',

and disadvantages for this system are similar to thL- MMII and J ?k

EFU, howvver, this sy-:tem is more complex becauISE it: 1E. I

pressur IZenI veh I 1- I
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MAN-IN-CAN

Fig. 29. Man-In-Can (19:1)%

Manned Rover. This system is a maneuvering .'

%.* %* .

vehicle, operated by an EVA crewmember which can carry ,,.,,,,

equipment in close proximity to the space station (Figure '30) .

(19:2). This vehicle is analogous to that of having a smal %

tractor for use around the house. Again, the advantages and A

di-,advantclges for this system are similar to those of the MMI -0

and EFLJ.
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Fig.30. anne Rovr (1:1). .% d

• . -

-• 1% ..

MANNED ROVER
Fig. 30. Manned Rover (19:1)

4 Long Range Systems.

These systems were included in the thesis at the request -

of the NASA Space Station Office at Johnson Space Center

(28). The description of the OMV is found in Chapter 5 of '

this thesis, the remaining systems are defined below. 4. .**

STS. The Space Transportation System (aka. Space S

Shuttle) is the only proven recovery system. The shuttles

design allows for the system to be flown to the vicinity of a
b .%

drifting object (where either the Remote Manipulative System 0 -

(RMS) or an EVA crewmember can grasp the object (see Figure

31). The advantages of this system are its reliability and

proven space safety. Disadvantages include the fact that the 0

shuttle will not always be present at the space station and

that even if present at the space station, the shuttle may

not be available for rescue/recovery operations."'
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ORBITER SPECIFICATIONS

Cargo Bay: 60 feet by 15 feet

SOLID ROCKET BOOSTERS (SR~s)

Weight: 1.3 million pounds each %w

Iypical mission length: seven to thirty days%

lheight of orbit: 135-320 nautical miles (most missions)

Speed in orbit: 17,550 mph (at 150 miles) P 12'
Payload capacity: 65.000 pounds

Launch and landing sites: Kennedy Space Center, Fla.
Vandenberg Air Force Base, Calif.

Principal tracking station: White Sands, N. M.
Mission Control: Johnson Space Center, Texas

F iq. 31. Sp ac u Tr zinp r L t IO) Sy ;frt M (5 13 D '3)
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CERV (Crew Emergency Return Vehicle). This NASA spice

station program is designed to provide an emergency

capability for astronauts at the space station to returni to %

the earth. Still in conceptual development, sev2ral

configuration are under study and are discussed below. Of

primary concern with CERV is that it is designed to return

crews to eart~h and is not designed for extens.ive space

maneuvering. Major modifications to the systems wOuld hve,

to occur in order for them to accomplish rescue/recovery

operations (8). "" .
Discoverer, Gemini, AFE, MOSES, and 6 Man Apollo. •

These five configuration (Figure 32) are designed to re-entor

the earths atmosphere and parachute to a safe landing. They
1. % %

are not designed specifically for space maneuver ing (althougLh • ,

they do have a limited Reaction Control System) and they have

limited ability to grasp a drifting object (26:40). A'3 such

they would require significant modifications to allow for

such rescue/recovery operations. .-

.. .
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GEMINI

DISCOVERER

AFE

MOSES

6 MAN APOLLO

Fig. 32. CERV Systems (26:25)

Lifting Body Vehicles and LaRC (Langley Research

Center) Configuration. These systems (Figure 33) are

designed to land on the earth is a manner similar to the%

space shuttle. Again, limited maneuvering capability exists

with these systems, as does the ability to grasp object.

%
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ihis thesis is an analy!,i. of the methods for EVA crew .% .

rescue and recover y of equn i ment detachd and adr ift I rom the .

space _station. lhi, top level analy_-is is aimed at .% '

identifying the proper dir-ection to he takern in -ividing the
solution cystem to the rpscue/recovery problems. This

arialysis used the liall morphology of ,;ystems engi neer ing as
the framework for- the overall problem.

Within this approach, the techniqu? of concept mapping

was used to define the problem. SpecificIlly, ten

knowledqe0able per-sons from Johnson Space Center were

interviewed and a consolidated concept map of their
understanding of the problems was generated. This map
identified the key aspects and relationships betweeri these e "

aspects. Additionally, this map identified the- evaluation %
criteria to be used in determininq the preferred solution
system to the problems.

The evaluation criteria of _safF.ty, response time,

reliability, availability, and maintainability were used
wi thin the Analytic Hierarchy PT oces5 (AHF') to determine the

preferred directions to take in solving the rescue/recovery "

problems.

Results of the analysis indicate that for short ranqe

resC-ue/Pecovery operations, both an EVA self rescue device
and a space station supported device are the preferred

solution systems. For medium range rescue/recovery

operations, an unmanned free-fl yer is the ideal solution .

system. Finally, for lonq range operations, the Orbital -"

Mancuvering Vehicle (OMV) is the preferred solution, The , r#.
analy-sis als.o showed that the combination of all theso ___

preferred solutions is needed to completely solve the

problems. To this nV-d, the analysis provides an example of a

comprehensive rescue/recovery system. Finally, the analysis

identifies issues and recommends areas which require further .- '

analysis in order to fully understand and solve the problems

of EVA crew reticue and recovery of equipjment detached and

adrift from the space station.

%*

• L

. . . . . . . . . . . . . . . . . . . . . . . . . . . .-'.'**!***.***

' . > 'A -, .-.- ~c.~ . .. '.., ~%~******•**;***.-;--



FILI

Rp. c.

DRTZ: I
""I.-


